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A B S T R A C T  .
The work described in this thesis consists of an investigation into 
the adsorption properties of gold and silver metal powders in some electrolyte 
solutions.
The total adsorption at the Au/HCl , Au/KCl, Ag/HCl and Ag/KCl 
interfaces was determined conductimetrically, using an improved apparatus. In 
neutral salt solution,adsorption takes place instantaneously and is presumably 
due to weak physical forces. The process is much slower in acid solution and 
desorption experiments have shown that in this case adsorption onto a silver 
surface is irreversible in character. The adsorption from acid solution by 
gold is partly irreversible becoming more so as the equilibrium concentration 
of electrolyte is decreased . It is concluded that the adsorption from acid 
solution is mainly chemisorption.
Some indication is given of the difficulty involved in determining 
the electrokinetic potential at the metal/solution interface. An electrckinetic 
study has been made of gold and silver suspensions in various electrolyte 
media , using the ultra microphoretic technique. The electrokinetic potentials 
and charges have then been calculated for these systems.
The conductimetrie and the electrokinetic data have been used to 
determine the distribution of adsorbed ions in the fixed and diffuse parts of 
the electrical double layer and hence to calculate the individual adsorption 
energies of the adsorbed ions. This work has shown that both cation and anion 
adsorption take- place but that anions are preferentially adsorbed.
Finally a potentiometric method for the determination of 
adsorption has been developed and some preliminary experiments are described,,•
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GENERAL INTRODUTION.
2.
GENERAL INTRODUCTION
When an interface is formed between an ionic liquid and a 
solid phase, preferential adsorption of ions onto the solid surface takes 
place. This results in an overall surface charge, which brings about the 
formation of a second layer in the surrounding liquid, containing an equal 
excess of ions of the opposite charge. This is known as the "diffuse layer", 
and effectively renders the surface phase electrically neutral.
This is the basis of the theories of Gouy (l), Chapman (2),
Debye & Huckel (3) who considered the surface charge of the solid phase to be 
balanced by an opposite charge in the solution, consisting of ions attracted 
towards the surface but spread out into the bulk of the liquid by thermal 
diffusion forces.
Considering these ions as point charges, their average 
concentration N^  in a region, could be calculated from the average value of the 
electrical potential "Y' in that region, by means of the Boltzmann theorem.
i^* = N/8 exp. f- Z.eV ^
\ “ Id? /
where N? = the concentration of ions in the bulk of the solution, at 
1
sufficient distance from the surface for the potential to be zero.
= algebraic valency of ions i. 
e = electronic charge 
k = Boltzmann's constant.
T = absolute temperature.
The Boltzmann expression was then combined with the appropriate 
form of Piossons' equation for a flat surface *-
3.
dh*
dx2
4..Zl.p
where = charge density at a distance x from the surface.
D = the dielectric constant of the medium.
The following expression was then derived for the charge per sq. cm, ^  in 
the Gouy diffuse layer
i
< r  = (
K - 1 r J
kT
7X
where = the electrical potential at the interface between the
solid and the diffuse layer.
ng = total number of charge determining ions per unit volume
of bulk solution*
The Gouy-Chapman theory, outlined above, suffers from a number
of defects. In particular it does not seem permissible to regard the ions as
point charges in solutions which are not very dilute. In electrolyte
-3solutions approaching 10 N. concentration, absurdly high ionic surface
concentrations are indicated. Bikerman (4) and Verwey & Overbeek (5) showed
-3that a double layer potential of 300 mv. would require, in 10 N* solution, a 
surface concentration of ions of 160N.
Stern (6) proposed alterations to Gouy's theory of the electrical 
double layer; he assumed a "fixed" layer of adsorbed ions within a distance 
"d" of the particle wall (the Stern layer), and the remainder of the double 
layer he regarded as being of the diffuse (Gouy) type, which he treated 
mathematically by the theory developed by Gouy & Chapman.
According to the Stern theory, the electrical potential declines 
linearly within the fixed layer, as between the plates of an electrical
4.
condenser and finally tends to zero in the hulk of the solution, via the 
diffuse layer. Stern also proposed an equation containing three principle 
terms, which represent the number and the charge of the ions in each zone of 
the electrical double layer,
 ^ - the charge on the solid surface
= the charge in the fixed layer
<5*2 ~ the charge in the diffuse layer.
In order to preserve overall neutrality
^ o  = <Ti -t <T2
Stem's theory may be considered to be an improvement upon the
Gouy theory, primarily because a distinction is drawn between the total potential 
^  across the whole of the double layer (Nernst potential) and the potential 
across the diffuse layer,
Electrokinetic phenomena involve the tangential displacement of 
liquid past a solid surface, at some slipping plane near the solid surface.
This displacement can be brought about either by direct physical movement of 
one of the two phases or, by motion resulting from an applied electric field.
In general, all electrokinetic measurements are directed towards determining 
the electrical potential at the plane of shear, i.e. the "zeta potential",
The precise location of the slipping plane in the Stem (or in 
any other) model of the double layer is not certain and has been the subject 
of speculation, (7) (8). It has become usual to assume that the slipping 
plane corresponds to the plane of separation of the Gouy and Stem layers and 
hence to equate the ^  potential with the Gouy potential This
assumption has received some experimental justification from work concerned 
with the glass/water interface (9).
Although the Stem theory leads to equations which in 
principle allow the calculation of charge distribution between the Stem and 
Gouy layers, it is of little practical use for the systems usually studied by 
electrokinetic techniques, since the equations contain a number of parameters 
which are not determinable. It seems advisable, in work on such systems, to 
use the Stern concept of a primarily adsorbed layer (which may have the 
thickness of the order of one ionic diameter) together with a diffuse Gouy 
layer and to assume that the slipping plane corresponds exactly with the plane 
nd"f i.e. it can never be inside the Stern layer. Using the equations of the 
Gouy theory, it is then possible to calculate the number of ions of each sign 
in the diffuse layer. Hence even for a surface deriving its charge solely by 
ion adsorption, i.e. a non-ionogenic surface, where G9 - 0 and <T^ 21
only the net charge of the fixed layer can be calculated, and little information 
is obtained about the actual number of ions of each sign in the fixed layer.
Recently Benton & Elton (10) have derived equations which 
enable one to calculate the number of ions of each sign in the fixed layer, 
and also remove some of the inherent difficulties of Stem's equation. They 
defined a new parameter, the adsorption energy of an ion, which can be 
calculated for individual ionic species provided one knows the total number of 
ions of that particular species in the electrical double layer, and the 
corresponding electrokinetic data for that particular interface. This theory 
has been used to calculate the adsorption energy of various ions at Silica (10) 
and Carborundum (ll) surfaces.
The work to be described here is concerned with the adsorption 
of ions by metal powders, namely the noble metals gold and silver. The total 
ionic content of the electrical double layer has been determined 
conductimetrically, i.e. by measuring the conductivity of an electrolyte 
solution before and after it has been equilibrated with metal powder.
The appropriate electrokinetic data were obtained using a 
micro-electrophoretic technique. This method has given results in general 
agreement with those determined independently by a streaming current technique.
These two types of adsorption data have been combined to give a 
reasonably full picture of the adsorption processes taking place at these 
surfaces, and the appropriate adsorption energies of the individual ions 
involved have been calculated.
Finally a potentiometric method has been devised to measure 
adsorption from solution. This depends upon the use of thermodynamic 
concentration cells, the adsorbent being contained in one limb, whilst the 
other limb is used as a reference cell. The potential of the cell depends 
upon the difference in concentration in the two limbs which, if the initial 
concentrations were equal, depends upon the extent of adsorption. This 
technique was developed in order to measure adsorption in mixed electrolyte 
solutions. Some preliminary work is described.
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7.
P A R T I .
A' STUDY OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE CONDUCTIMETRIC... TECHNIQUE.
S E C T I O N  1. 
INTRODUCTION.
INTRODUCTION
When a solid surface comes into contact with a solution, it is 
usually found that the concentration of solute is greater at the interface than 
in the bulk of the solution. This tendency for accumulation at a surface is 
called ADSORPTION, and it is due to the atoms or molecules in the surface being 
subject to unbalanced forces of attraction, thus possessing a certain unsaturation
Although the degree of unsaturation of surfaces can vary widely, 
there are only three types of adsorption. The surfaces of many substances are 
inert in the sense that the valency requirements of the atoms may be thought to 
be satisfied by bonding with adjacent atoms. Adsorption onto this type of 
surface tends to take place simply through forces of physical attraction, 
similar to those causing the liquifaction of gases. This kind of adsorption is 
called physical or van der Waal's adsorption.
With a more unsaturated surface the valency requirements of the 
surface atoms are not satisfied by bonding with their neighbouring atoms and 
adsorption will take place by the formation of chemical bonds between the 
adsorbate and the adsorbent. This process is termed chemisorption and differs 
mainly from physical adsorption in that electron transfers take place between 
the adsorbate and the adsorbent. The strength of this bonding approaches that 
of chemical bonds, the heats of adsorption being in the range 20-100 K cals./mole. 
whereas the corresponding value for physical adsorption is less than 5 K cals./ 
mole. Due to the strength of this bonding, the chemisorption process is not 
usually reversible whereas that of physical adsorption is.
Chemisorption, being a "chemical reaction" may require an 
appreciable activation energy and may only proceed at a reasonable rate above a
certain minimum temperature. Physical adsorption on the other hand does not 
require an energy of activation and should therefore be extremely rapid at any 
temperature, taking place just as fast as the adsorbate reaches the surface,
A third type of adsorption, which takes place in solution, is 
electrostatic in nature and occurs when some of the solute ions are identical 
or of similar size and valency to ions constituting the surface of the 
adsorbent. In fact it is a type of chemisorption which takes place very 
rapidly.
It is known that the presence of some adsorbed films on the 
surfaces of metallic powders may have undesirable effects on the metallurgical 
properties of these powders. On the other hand it has been found practically, 
that some metal powders used in sintering and hot compacting processes are 
improved by washing with certain aqueous solutions; this may be caused by a 
modification of the surface films on the metal particles, facilitating 
inter-particle bonding during the sintering process.
The aim of the present work was to investigate the adsorption 
by certain metallic powders, of ions of various types, in an attempt to obtain 
some fundamental information concerning the nature and extent of the adsorbed 
layers.
The precise measurement of adsorption from solution by metals 
is difficult, because usually the amount adsorbed is only small. Varying 
techniques have been used to determine this adsorption, the most usual being 
that of analysis of the solution before and after adsorption has taken place, 
using ordinary quantitative analytical methods or some more refined physical 
technique. Other methods have involved the measurement of interfacial tension
at the metal/solution interface, electrode capacities, electrophoretic.
mobilities and in recent years the use of radioactive tracers. A summary
of the more important aspects of this work will now be given:
(a) ADSORPTION MEASURED BY ANALYTICAL TECHNIQUES
Euler and co-workers (l2, 13, 14) were among the first
investigators in this field. Initially they measured the adsorption of
silver upon precipitated silver powder using AgNO  ^solution. Since they
could not obtain an accurate measure of the surface area of the powder they
used silver foil as an adsorbing surface. Later they extended their
experiments to include the adsorption of KC1 and AgSO. on silver and of AgNO ,
4 3
AgSO^ and KC1 on gold powder and gold foil.
The amount of adsorption was detected by analysing a sample
of the adsorbate volumetrically. Separate analysis for the anion and cation
showed that equivalent amounts of each were being adsorbed by the metal. By
interpolation they gave the maximum adsorption of silver as being 5.5 m.gm./
sq.metre or 3*0 x 10^ ions/sq.cm. on Au. and 8.5 - 9.0 ngm./sq.metre or 
15 /5.03 x 10 ions/sq.cm. on Ag. They showed that, within the limits of
experimental error, the adsorption of silver was independent of the temperature
and also of the solvent, as indicated by the results of experiments carried out
with AgNCL dissolved in 90fo alcohol.
3
Recently C. V. King and co-workers (l5> 16, 17) have measured
the adsorption by Ag and Cu from various salt solutions using volumetric and
radioactive tracer techniques. With Mallinckrodt silver they determined the
adsorption in AgNO^ , Ag^SO^ and AgClO^ solutions and found that it was dependent
upon the anion such that Ag.SO. >  AgCIO. >  AgNCL. The time necessary to
2 4 4 3
I11.
ensure equilibrium was found to be two hours in the case of N0~ and S0“ ions 
but perchlorate was taken up only slowly and equilibrium times of 72 hours 
were reported*
Experiments carried out at 0°C. with AgNO^ solution indicated 
that multi-layer adsorption was favoured, since the adsorption was about 10 
times greater than that at room temperature. Using a Langmuir type isotherm 
they extrapolated to find the maximum adsorption and found that in each case 
adsorption was less than .5 of a monolayer.
They concluded that the adsorption was specific, involving 
attachment of both anions and cations to the surface and not merely a process 
of charging the double layer - silver ions being adsorbed initially becoming 
a part of the metal lattice.
Mitchell, using the conductimetric technique, measured -the extent 
of adsorption by precipitated silver powder from a series of solutions of alkali 
metal chlorides and nitrates, silver nitrate and hydrochloric and nitric acid 
solutions. C3«
He investigated the effect of pretreating precipitated silver 
powder and atomised silver powder with 5 N. nitric acid solution; using the 
^2^ 2 ^ecomPos:^ ion meth°d he estimated a 50/o increase in surface area, probably 
caused by etching of the surface. This pretreatment subsequently resulted in 
an increase in the adsorption capacity of the silver powder.
He found no appreciable difference in the adsorption of the 
different alkali metal chlorides in the series KC1, NaCl and LiCl indicating 
that the monovalent cation had little influence on the adsorption.
Adsorption from acid solution was extremely large (approximately
100 times larger than that fromKCl solution); he concluded that it was a type 
of chemisorption.
The extent of adsorption measured in ions/sq.cm. of adsorbent 
is represented below at an equilibrium concentration of electrolyte equal to 
1 x 10”5N,
HC1 .....................  2.0 x 1015
AgtTO ....................  1.8 x 1014
KOI       2.5 x 1015
indicating the adsorption series HC1 > AgNO >KC1.
5
Throughout these experiments adsorption equilibrium appeared 
to be attained instantaneously.
RADIOACTIVE TRACERS
The use of radioactive tracers for the measurement of 
adsorption has proved fruitful, but the results are often difficult to
interpret, due to the occurrence of exchange adsorption.
It has been found that metals exchange with their own ions in
solution to an extent which is equivalent to many atomic layers and it is not
certain how much this is due to;
(a) Statistical fluctuations at the surface
(b) Local cell action
(c) Internal diffusion.
Hackerman & Stephans (18) have studied the adsorption of SO^ ions 
by Pe surfaces using radioactive S. as a tracer and they found a limiting 
adsorption capacity being equivalent to .55 of a monolayer. Similar 
experiments were carried out by King (l?) to investigate the adsorption of
CUSO , Ag SO, and Ha SO, with Ag and Cu as adsorbents. He found that the 
4 2 4 2 4
adsorption was extremely rapid in the initial stages but the amount remaining
on the surface decreased with time. Part of each adsorption was
irreversible and in all cases it was less than a monolayer. Experiments at
0°C. did not indicate any appreciable increase in adsorption.
Bowden & Moore (19) have measured the adsorption of stearic acid,
ethyl stearate and octadecyl alcohol on various labelled metals. In the case
of Au and Pt the adsorption was shown to be of a physical nature but with Cu,
Zn and Cd, specific adsorption took place resulting in the formation of a soap.
The adsorption of radioactive isotopes of Pb and Bi.on Au, Ag and
Ni in various media has been reported (20). The distribution followed the
Freundlich isotherm with l/n ranging from 0.4 to 0.9.
The literature concerning the metal exchange process is
extensive and an excellent review has been given recently by M. Haissinsky (2l).
For most metals examined, it is found that exchange to a depth of several
hundred monolayers takes place. This exchange is dependent upon the
concentration of cation in solution and upon the time of immersion, usually
£1following the relation X = bT for 1-2 hours, a and b being constants depending 
upon the system.
It was found that the nature of the anion exerts a considerable 
influence upon the exchange rate, increasing in the presence of anions likely 
to have chemical action on the metal.
It appears that the initial rate is extremely rapid and after a 
few seconds of immersion the limiting factor is transmission of the ion through 
the adsorbed layer rather than diffusion in solution or in the metal.
MEASUREMENT OF INTERFACIAL TENSION
The adsorption of ions by mercury has been studied extensively 
because the extent of adsorption could be determined from measurements of 
interfacial tension using the capillary electrometer. Surface charges were 
determined from the equation derived by Gibbs & Lippman.
It was found that many anions, especially unhydrated ones, are 
adsorbed fairly readily (22) whilst cations are less strongly adsorbed, 
unless they are of a surface active nature e.g. quaternary ammonium compounds (25). 
For the large majority of ions investigated physical adsorption predominates, 
although certain ions e.g. sulphide can be chemisorbed. The effect of the 
application of an electrical potential to the mercury has also been investigated 
in detail (24).
Owing to the difficulty in measuring the interfacial tension 
between a solid and a liquid, little work has been carried out other than that 
on mercury. Some experiments have been performed on amalgams (25) and also on 
Gallium which melts at 50°C, (26),
Mdller measured the contact angles between a gas bubble and a 
metal surface immersed in an electrolyte and he showed how the interfacial 
tension between the metal and the solution could be estimated from this (27).
He measured the contact angles of an electrolyte with Hg, Cu, Ni and Ag 
using this technique and also showed that the contact angles varied with the 
potential of the metal plate.
ELECTROPHORETIC MOBILITIES
Bach & Balaschowa (28) examined the adsorption properties of 
platinum sols in a very quantitative manner, by examining the electrophoretic
15.
mobilities at definite stages in the process of oxidising a negative 
platinum sol. They found that the velocity was initially reversed, 
indicating a positive surface charge, which at a later stage in the 
oxidation process became negative. These changes were explained by assuming 
an initial uptake of H ion, which, as an oxide layer was formed, was desorbed 
from the surface.
ELECTRODE , CAPACITY MEASDRMEHTS
The capacity of an electrode/solution interface may be obtained 
from the slope of the charge/potential plot or by differentiating the 
electrocapillary curve twice. The most accurate method is by direct 
measurement using an alternating current.
Determination of the adsorption from solution from double-layer 
capacity measurements depends upon the assumption that adsorbed material acts 
only as an inert blanket on the electrode surface, so that if A denotes the 
original surface area of the electrode and 9 the fractional coverage by adsorbed 
material, then an area A(l - 0) remains to contribute to the double-layer 
capacitance. Since this capacitance is presumed proportional to the area of the 
surface free from adsorbate there follows immediately >
9 = 1 - C/Ce=o
A review of the different electronic techniques which have been 
used to achieve this end, has been given by Bockris (29). The measurement of 
the capacity at this type of interface appears to be a promising method of 
studying the double layer on solid metals, but as yet few results have been 
published and most of these are less reliable than those obtained for Hg 
electrodes, using the capillary electrometer. It appears essential to use an
electrode with a smooth surface in order to obtain satisfactory results, otherwise 
the capacity varies with the frequency of the A.C. current. This is because 
the electrode and solution do not behave as a single capacity and resistance 
in series due to the non-uniform distribution of current over the electrode.
However in spite of these developments, it is true to say that 
there is no co-ordinated theory on the general problem of adsorption of ions 
by metals, and it is not possible to predict "a priori" the extent to which a 
metal will adsorb a particular ionic species.
The choice of suitable systems for this investigation was 
governed by two main factors. Firstly^ it was necessary to choose a metal 
adsorbent which would not corrode in dilute electrolyte solutions. Secondly, 
it was desirable that the metal surface would remain as free as possible from 
contamination, on exposure to the atmosphere, or would only form a surface layer 
that could be easily removed by chemical means. The obvious choice was the 
noble metals, thus gold and silver were used throughout the investigation.
The method used to determine the adsorption, consisted of 
measuring the conductance of the electrolytic solution in equilibrium with the 
metal powder. If a sufficiently large area of adsorbent is added to a dilute 
solution, the decrease in ionic content due to adsorption should produce a 
considerable decrease in the conductivity. If the total conductance of the 
solution is due to the solute, the total loss in solute can be calculated from 
the conductance loss and hence the number of ions adsorbed per unit area of 
metal surface can be deduced.
This method has been used before, to determine the extent of 
adsorption on precipitated BaSO^ (30), on silica (10) and on carborundum (ll).
The technique, in principle, is a very simple one, and can be useful 
provided that only one type of anion and one type of cation are involved 
in the adsorption process. However, if the process is a more complicated 
one e.g, with solutions of hydrolysed salts, where adsorption of 
hydroxonium ion and/or hydroxyl ions may be important or where both ion exchange 
and adsorption occur together, then the evaluation of the conductance-loss 
results may be difficult if not impossible.
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P A R T  1.
A STUDY OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE CONDUCTIMETRIC TECHNIQUE.
S E C T I O N  2.
DESCRIPTION OF APPARATUS AND MATERIALS USED.
1.) Description of Apparatus.
2.) Measurement of Conductance.
3.) Cleaning of Apparatus.
4.) Preparation and Purification of Marerials. 
5*) Preparation and Cleaning of Adsorbents.
6;) Determination of Surface Area of Adsorbents,
(l) .P'giSCRIPTIOF ■ APPARATUS
The conductivity cell used in these experiments was a 
modified version of that used by Elton, Benton and Mitchell (10) (ll).
This type of cell bad the disadvantages that it was somewhat cumbersome, and 
had to be removed from the thermostat in order that the solid powder, and the 
solution could be equilibrated by manual shaking.
The new design, shown in fig, 1, incorporated a more compact 
sfracture with a device for mechanical stirring. The main cell A, in which 
the powder was equilibrated with the solution, had a capacity of about 300 ccs. 
being 15 c-ms. tall and 5 cms. in diameter. The B.50. ground glass stopper 
contained two inlet tubes, one of which was provided with a B.10 joint through 
which solid material and stock electrolyte solution could be added. The other 
inlet tube, passing through the centre of the B.50. stopper, was fitted with a 
machined nylon gland through which a pyrex glass stirrer could be inserted and 
rotated. Due to the self lubricating properties of the nylon gland this 
rotation could be achieved without any hindrance due to friction.
The conductivity of the solution was determined in the side 
chamber B, which contained the electrode system supported on a B.24 stopper.
It was separated from the main cell A by means of a No. 3. sintered disc, 
which prevented passage of solid material from one chamber to another. The 
solution could be blown into the electrode chamber by a stream of pure nitrogen 
gas entering the apparatus at a, and returned by a stream entering the fitted 
side arm, fixed to the electrode chamber at b.
The electrodes were of bright platinum, approximately 2 cm. 
square and 1 cm. apart. ‘They were separated by glass distance pieces at the
corners} and cn ;r,<,d by platinum wires passing through the sealed ends of 
the glass tubes ir.. the stopper.
Contact with the electrodes was made through mercury in the 
glass tubing. Thick copper wire leads from this mercury led to the bridge 
via mercury cups dipping in the thermostat.
The Pyrex glass cell was supported on a brass framework in an 
oil thermostat maintained at 25°C.- .01°C. Temperature control was 
maintained by a Mercury/Toluene regulator in conjunction with heating by a 
100 watt, lamp and a Sunvic relay. The framework was rigid enough to allow 
the contents of the cell to be vigorously stirred for long periods.
000O000
FIG. I.
B.50.
CONDUCTIVITY CELL USED IN CONDUCTIMETRIC- 
“ ADSORPTION EXPERIMENTS.
(2) MEASUREMENT OF CONDUCTANCE.
(a) DESCRIPTION OF THE BRIDGE.
The conventional Wheatstone bridge method was used for the
measurement of resistance. (See fig. 2).
A metre wire AB, of total resistance about 8 ohms with end
resistances r^, & r^  each of about 100 ohmsJ provided the ratio arms of the
bridge. These end resistances were embedded in paraffin wax in glass tubes 
and immersed in the thermostat. The resistance box X was ”non inductive” 
as supplied by Sullivan & Griffith and was calibrated against a box previously 
calibrated by the National Physical Laboratory, The range of this box was 
10,000 ohms in »I ohm stages. In parallel with X was a variable Sullivan 
stable mica condenser F having a continuous range up to 0*1 F to compensate for 
cell capacities.
The sliding contact C, consisted of a glass block across the 
face of which was secured a thin wire, and which rested at right angles to the 
bridge wire. In this way the position of contact could be read through the 
glass to *02 cm.
The A.C, source and the null point detector were incorporated 
in one instrument supplied by Airmec laboratories. This supplied a frequency 
of 1000 cycles/sec. The detector unit consisted of an amplifier and a D.C. 
microammeter; utilising this an accuracy of I in 10,000 over practically the 
whole range of resistance measured in this work, could be obtained. Screened 
twin wire was used for the input lead, and unscreened flex for the oscillator 
output lead. Earthing of the bridge was found to be unnecessary. The 
central reversing switch made it possible to interchange the position of the
CELL
A.C. WHEATSTONE BRIDGE NETWORK.
FIG. 2.
cell, and the resistance box X, with respect to the bridge wire. All 
connections were made using heavy gauge wire in order to avoid unknown 
resistances; connections to the cell were made through mercury cups,
(b) USE OF THE BRIDGE FOR MEASUREMENT UP TO 10.000 OHMS,
The resistance X was adjusted until a balance was obtained 
with the contact wire C at approximately the geometric centre of the bridge 
wire, when the cell and the resistance X were then reversed. The variable 
condenser P was altered to give the minimum deflection on the null point 
micro-ammeter with every reversal. Without altering X, a new balance position
for the contact wire was obtained. The contact was then placed at the mean of
these two positions and a balance again found by adjusting X. This procedure 
was repeated until the two positions of the contact coincided, the resistance 
of the cell then being read directly from the box X.
(c) USE OF THE BRIDGE FOR MEASUREMENT OF RESISTANCE>10.000 OEMS.
For measurement of resistances greater than 10,000 ohms, the
resistance r^  could be shorted out by a piece of thick copper wire. The
practical arrangement of the components of the bridge was such that this could 
be easily done by inserting a copper wire into mercury cups.
The bridge was calibrated as follows:
A resistance box, calibrated by the N.P.L., was placed in the 
position of the cell and various resistance ratios X/B. were arranged. For each 
ratio, a balance point was determined on the bridge wire, and the ratios so 
adjusted to obtain various balance points over the whole range of the wire.
A graph was constructed by plotting the ratio X/R against the bridge reading.
Any resistance of the cell could subsequently be determined by
reading off the vr? ' . of X/R corresponding to the bridge wire reading and
using the equal;.:or-'.
Unknown Resistance = ._____ „_ %
X/R corresponding to Bridge wire reading
The bridge calibration was between values of XjB from .01-.1 
and enabled resistances up to 800,000 ohms to be measured with an accuracy
Of 1c/ot
For the cells used in these experiments containing conductivity 
water of about .5 gemmho, the measured resistance was about 5KCJ, and the 
upper limit of required measurement was well within the suitably accurate 
range of the bridge.
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(3) CLEANING OF APPARATUS
(a) GLASSWARE
As is usual in conduc time trie measurements it was necessary 
to use cleaning agents which remove effectively all traces of grease without 
leaving any adsorbed material on the cleaned surface. The products of the 
reaction between concentrated nitric acid and ethyl alcohol have been found 
most effective for cleaning the glass apparatus. This treatment was followed 
by rinsing with tap-water before steaming with the steam from distilled water 
for about 45 mins. The cell was rinsed with equilibrium water and finally 
left soaking in equilibrium water for 24 hours. The apparatus was finally 
dried in a vacuum desiccator over anhydrone.
(b) ELECTRODES
The platinum electrodes were found to be most conveniently 
degreased by successive washings, first in benzene and then in concentrated 
sulphuric acid. The electrodes were then thoroughly rinsed in distilled 
water and equilibrium water before finals being allowed to soak in successive 
changes of equilibrium water for 24 hours.
oooOooo
(4) PREPARATION -W'T- PURIFICATION OF MATERIALS
(a) WATER
Conductivity water was prepared by the use of an ion exchange 
column. The column 25 cms. long and 3 cms. in diameter contained a sintered 
disc at the lower end and was packed with a mixed cation and anion resin supplied 
by the "Permutit Company” under the name BIODEMINERALITE. Distilled water 
of specific conductivity 3.0 gemmhos, was run slowly from a dropping funnel 
through the column, and collected in a 3 litre reservoir where it was stored 
until it was required. The apparatus was constructed entirely of Pyrex glass 
and all the joints were ground glass. Approximately 40 litres of water could 
be obtained before the column had to be changed. The initial conductivity of 
the water produced was about 0.2 gemmhos, but this rose rapidly on exposure 
to the atmosphere, to an equilibrium value of 0.8 - 0,9 gemmhos due to 
adsorption of CO^ . This equilibrium water was then passed through a similar 
column to the one described above, and the conductivity water so produced was 
run directly into the experimental cell, previously blown out with gas. In 
this way, water of specific conductivity less than 0,3 gemmhos was obtained.
(b) ELECTROLYTES
Electrolytes used in the conductimetrie experiments, were 
potassium chloride and hydrochloric acid.
In the case of KC1 the A.R. quality crystals were recrystallised 
several times from conductivity water, final recrystallisation being carried 
out in a platinum dish. The salt was then dried by heating to dull redness, 
and allowed to cool in a vacuum desiccator. A lO"**^ . solution was made up 
m  conductivity water by weight and a 5 x 10 N, solution by further dilution.
These two solutions were used as stock solutions.
An approximately tenth-normal solution of HC1 was prepared by 
adding 4-5 ccs. of AR. HC1 to 500 ccs. of conductivity water. This solution 
was standardised volumetrically using borax with methyl red as indicator.
More dilute solutions were made up by weight from the tenth-normal solution.
(c) NITROGEN GAS
Oxygen free nitrogen gas was supplied by the British Oxygen 
Company. In the preliminary experiments this was purified by passing it 
through solutions of caustic soda and concentrated sulphuric acid, before being 
dried over calcium oxide. However it was discovered that the resulting gas 
contained traces of SO^ , presumably due to reduction of the sulphuric acid.
In subsequent experiments the nitrogen gas was used directly from the cylinder 
after being freed from dust particles, because the gas treated in this way had 
no effect upon the specific conductivity of the solution when passed through it.
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(5) PREPARATION AI-TD CLEANING 0? ADAQRA. NTS.
SILVER
Silver powder was supplied by the A.E.R.E, (Harwell) and 
had been prepared by Dr, J, Mitchell by electrochemical displacement from
AgN0„, using copper powder.
5
The copper powder was sieved through 100 mesh and degreased 
by several washings in alcohol. It was then washed in 5f° warm oxalic acid 
solution, in order to remove any surface oxide, before drying in vaccuo,
5 gms. of this powder was added slowly to a solution containing 
50 gms. of AgN0_ in a litre of water, about lOfi in excess of the theoretical 
amount to ensure complete solution of the copper. The solution was then 
rapidly stirred for a period of 6-12 hours, until all the copper had gone into 
solution. Having separated the colloidal silver powder by decantation, the 
main precipitate was washed thoroughly with conductivity water before being 
treated with dilute ammonia solution to remove any AgO, Finally the powder 
was washed in many changes of conductivity water before being dried in vaccuo.
After being used in an adsorption experiment, the silver powder 
was washed in ammonia solution, after which it was treated with acetone, ether 
and acetone again to remove grease, before being thoroughly washed in 
conductivity water until the conductivity of the washings was a constant value. 
GOLD
Precipitated gold powder, spectrographically pure, was provided 
by Johnson Matthey & Co. Ltd. A specimen of about 60 gms. of the powder, 
particle size 10-40jjl., was separated by means of fractional sedimentation. 
During the course of the preliminary adsorption experiments with gold powder,
the surface was treated with conc. HC1 and subsequent washing in 
conductivity water.
It was not possible, however, to obtain reproducible 
adsorption isotherms utilising a gold surface prepared in this manner, the 
possible reason being that the acid had activated and etched the surface, 
which only reverted to its normal state with subsequent washing and the 
passage of time.
It is interesting to note here the observations of Hurd and 
Hackerman, who found that gold capillaries which had been washed in dilute 
HNO^  had a "zeta” potential of -154mv. in water, which after storage in pure 
water for nine days dropped to an equilibrium value of -6lmv. They 
considered this effect to be due to oxidation of the surface.
In further experiments, the gold surface was washed thoroughly 
before being cleaned in organic solvents, such as ether and acetone, and 
finally washed repeatedly in conductivity water. It was then dried in a 
vacuum desiccator overnight.
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€, r)ETJMINATIO;r OE THE SUBPAGE ARM OF THE METALLIC ADSORBhmVS.
SILVER
The peroxide decomposition method introduced by Clark (31 ) 
and modified by Dulin & Elton (32 ) was used to determine the surface area 
of the silver powder.
The rate of decomposition of the hydrogen peroxide is directly
proportional to the surface area of the silver present and, according to Clark,
the total area present is given by
______ K(log,25 - log.n) . .
log.25 - log.(11*55 - .273(t-20) )
3
= no. of cm . of remaining undecomposed after an
experiment carried out as described below.
= temperature of the reaction.
= constant.
About 0,5 gm. of the dry silver powder was transferred to a
flask containing 100 ccs. of a borax/caustic soda buffer solution of pH. 9.7
(33 ) in a thermostat at 25°C. The particles were suspended by rapid
stirring and 25 ccs. of N/lO H O^  ^were introduced rapidly into the flask from
a "non hold up beaker" coated with paraffin wax.
The reaction was allowed to proceed for 100 secs, before being 
stopped by the addition of excess 2N. H^ SO^ . The undecomposed H^ O^  
remaining in the flask was determined by direct titration with N/lO KMnO^ .
The N/lO H^ O^  solution was prepared by diluting a sample of 
pure H^ O^  (9S$ by weight) supplied by Dr. A. G. Davies of University College, 
London. Commercial H O^  ^could not be used in these experiments since it
A =
where n
t
K
contains certain stabilising compounds which would prevent the decomposition 
of the peroxide solution when it was in contact with the silver surface.
This method has previously been standardised using a silvered 
specimen of glass microspheres, prepared by the method of Bloomquist and 
Clark (34 ) . In this way the above equation has been reduced to
A = 5.19 x 103 (log 25 - log n) at 25°C.
GOLD
The above method should be applicable to the determination of 
the surface area of gold powder also, since it decomposes H^ O  ^under the same 
experimental conditions as above. In order to standardise the method a known 
area of gold was required. Two samples prepared as described below were used 
for this purpose.
(a) A specimen of glass microspheres was coated with a thin layer of 
colloidal gold in an alkaline solution of AuCl_. The solution was stirred
j
whilst formaldehyde was slowly added. In order to obtain an even deposit, 
the addition was carried out at room temperature so that the reduction took 
place slowly. The particles were then thoroughly washed in conductivity water.
(b) Specimens of gold foil, prepared by Thos. Uhiley & Sons, were cut up 
into small pieces approximately 4 mm, square. These were cleaned in benzene 
and acetone before being washed with conductivity water.
Unfortunately it was found that neither of these surfaces 
decomposed to any appreciable extent. Increasing the thickness of the 
gold deposit on the microspheres and the total surface area exposed to the 
peroxide solution had little effect upon the decomposition of the H^ O^ .
The surface area of the gold powder was finally determined using
tli^ low-temperature gas adsorption technique with krypton gas as adsorbate.( . 
This gas was used in preference to N gas because of its low vapour pressure 
and hence the small correction for ’dead space volume". This is essential 
when measuring the amount of gas adsorbed by low area samples. Essentially 
the method involves the determination of the amount of gas required to cover 
the gold surface in a monolayer at the temperature of liquid oxygen, assuming 
close packing in the adsorbed layer and the size of the adsorbed krypton
02
molecule as 15 A, The accuracy of the method using a total surface area 
of approximately 0.5 sq. metre was i 0*5$.
The area of several gold specimens was determined, the values 
obtained ranging from 1,500 to 2,000 sq. cm./gm. The surface area of two 
specimens of silver powder was determined similarly; the values were 1,180 
and 1,500 sq. cm./gm, respectively, agreeing with the values obtained by the 
peroxide decomposition method to within 5^ .
I am indebted to Dr. S. J. Gregg for permission to use the 
gas-adsorption apparatus in the Washington Singer Laboratories, Exeter 
University, and to Mr, D, Smith for assistance with the experimental work.
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P A R T  1.
A STUDY OF ADSORPTION AT' THE METAL / SOLUTION INTERFACE TJSINO
THE C ONDTJC TIMETRIC TECHNIQUE.
5 E C T I 0 H 3.
PRELIMINARY EXPERIMENTS.
1.) The Solubility Effect of Metal Powders.
2.) Technique of Conductimetric Measurement of Adsorption.
3.) Investigation of the time taken for Equilibrium Adsorption to be Attained.
4.) Desorption Experiments.
1. THE "SOLUBILITY” EFFECT OF METAL POWDERS
In the course of the preliminary experiments, it was observed 
that the addition of the metal powder to the conductivity water caused an 
immediate and considerable increase in the conductivity of the water. This
same effect had been noted with silica (10 ) carborundum (ll) and
silver powder ( 36 ) . However unlike the above cases, the increase in
conductivity of the solution after the addition of gold powder was not immediate
but continued for a considerable length of time.
This large initial increase in conductivity may be caused by 
several factors, viz.
(a) Introduction of atmospheric carbon dioxide and oxygen into the 
conductivity cell with the addition of the metal powder,
(b) The existance of colloidal gold particles with hydrogen gcgcnions 
in the solution.
(c) Dissolution of some surface layer or some weakly adsorbed 
atmospheric gas,
The slower, continuous rise in conductivity would appear to 
be caused by the desorption of some surface layer.
In the above three cases (lO, 11, 36 ) it was found that the
increase was additive to the conductivity of the added electrolyte and thus
could be treated as a type of solvent correction. Table 1. gives Mitchell’s
evidence for this in the case of AgNO, solution in conductivity water,
previously equilibrated with Ag powder. n , , . . ,0  ^ M S ,  the measured conductivity
of the solution, corrected for the metal powder contribution, is shown to be
practically equal to the calculated conductivity K^ .
36.
T A B L E  1.
Conductivity of silver nitrate in water which has attained 
equilibrium with precipitated silver.
Initial conductivity of water (Ks) = 3.888 x lCT^ ohm, •
-.. .... -.. “1
CONC. K
1- '* -- ' -----
Measured
Conductivity
K ohm. ~1 m
Calculated
Conductivity
K ohm. _3. c
K - K .m s
1.257 x lCf5 5.563 x Kf6 1.672 x 10"6 1.675 x 10”6
2.877 x kT5 7.720 x 10“^ 3.823 x 10"6 3.832 x lO"6
6.364 x 10”5 1.236 x 10“5 8.412 x KT6 8.470 x 10”6
1.398 x lCf4 2.245 x 10”5 1.850 x 10-5 1.856 x 1CT*
3.881 x 10"4 5.501 x Xf3 5.109 x Kr5 5.112 x 10*”5
7.831 x 10-4 1.066 x 10*4 1.025 x 10"4 1.027 x 10*4
1.538 x 1CT* 2.039 x 10"4 1.998 x 10"4 2.000 x 10"4
3.102 x 10“3 3.028 x Kf4 2.986 x lCf4 2.989 x 10”4
T.t was now necessary to investigate whether or not this was
the case with gold powder. About 200 ccs. of conductivity water was
equilibrated, over a period of 36 hours, with approximately 40 gms, of '’clean"
gold powder. About 150 ccs, of this solution was transferred to another
similar conductivity cell, previously blown out with nitrogen gas. This was
done by connecting the two cells through their fitted side arms using an
inverted U piece, fitted with B.7 sockets at either end,
A conductivity run was then carried out in this water using
HC1 as electrolyte. The results of this experiment are shown in Table 2 and
indicate that the calculated conductivity K is equal to the measured
conductivity K minus the conductivity due to the added metal powder and the
carbonate and bicarbonate ions in the conductivity water itself.
These results are shown graphically on page 391 it is
apparent that the correction is of no consequence in acid solutions of
-4
concentration greater than 1 x 10 N. and does prove that^in the case of gold 
powder also, the original increase in conductivity can be treated adequately as 
a solvent correction (see pages 44 & 45 ).
The time for an equilibrium conductivity reading to be obtained 
with gold powder in conductivity water was of the order of 36 hours. With 
silver powder this equilibrium condition was attained relatively quickly in 
approximately 2 hours.
In order to investigate this process further the following 
experiment was carried out: about 30 gms. of gold powder was suspended in
conductivity water by mechanical stirring for a period of 10 days. The 
conductivity of the water was measured at half-hourly intervals and the water
T A B L E  2.
Conductivities of HC1 solutions in conductivity water ^ equilibrated 
with Gold powder.
Wt. of gold............. 21,78 gms.
Wt. of water......   .87*23 gms.
Initial conductivity of water K ....
Conductivity of water after equilibrium 
with the Gold powder. ....
CONC. W.
Measured
Conductivity
K ohm -1 m
Calculated
Conductivity
K ohm ~1 c
K - ( K -K ). m ' s w'
6.2139 x KT6 2.0156 x IQ"5 9.8678 x 10”6 9.930
2.3606 x 10"5 5.0576 x 10"5 4.0286 x 10“5 4.034
7.3439 x 10-5 1.4524 x 10"4 1.3495 x Kf4 1.3301
1.6531 x 10*"4 3.3287 x Hf4 3.2258 x 10"4 3.2264
2.7877 x Kf4 5.6524 x 10"4 5.5494 x 10”4 5.5501
6.6797 x hT4 1.3595 x 10“3 1.3485 x 10~3 1.3490
1.8700 x 10-3 3.7725 x 10"3 3.7620 x 10“3 3.7623
2.-6200 x 10”6 
1.2748 x 10~5
CONDUCTIVITY OF HCI SOLUTIONS :
X IN PURE CONDUCTIVITY WATER .
□ IN WATER EQUILIBRATED WITH GOLD.
□  esO CORRECTED AS K =  ( Ks Kw)
LOG . Kto
— 3— 4
LOG HCI
to
40.
was replaced by ch conductivity water every 24 hours. The usual 
precautions were taken to exclude carbon dioxide.
Upon changing the water the conductivity dropped considerably,
but rose again to an equilibrium value after being in contact with the metal
powder for approximately 24 hours. This happened on each occasion the water
was exchanged and suggests that some desorption process is proceeding at the
interface which only reaches equilibrium with the solution after it has
attained a certain concentration of ’’desorbed entity”, the conductivity of which
-5is approximately equivalent to that of a 1 x 10 H. solution of HCI. By 
replacing this solution with fresh conductivity water this equilibrium is upset 
and the desorption process is repeated.
It was considered that a spectrographic analysis might also 
indicate the presence of such a species and by comparison with spectrographs of 
known electrolytes it should be possible to actually identify the desorbed 
ionic entities. Several spectrographs of specimens of conductivity water, 
which had been equilibrated with gold powder, were taken using a Hilgar S. P.
500 ultra-violet spectrometer, with pure conductivity water as reference.
1 mm. Silica cells were used for the experiments and the spectrum was measured 
between the wavelengths 2000 A? and 3200 A°. using a hydrogen lamp source.
An example of the type of spectrograph obtained, is shown in 
Graph 2. together with those of dilute solutions of HCI and KC1 of approximate 
concentration 1 x 10“5N. The general nature of the spectrographs was similar, 
a prominent adsorption peak occurring at approximately 2060 A0, in each case.
This evidence suggests that there is an ion present in each of the solutions 
examined, which is common to HCI, KC1 and the desorbed species — this can only be
the chloride io>v Thus we have shown that as well as being highly acidic in 
character,its dissociation being unsuppressed by added H01 of concentration 10 
this entity contains the chloride ion. Since the gold powder had been in contact 
with concentrated HCI* it appears reasonable to conclude , in view of the above 
evidence,that the desorbed entity itself was HCI.
000O000
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T A B L E  3.
DATA FROM SFECTROGRAPHIC ANALYSIS.
WAVELENGTH % TRANSMISSION
A° KC1 HCI DESORBED SPECIES
3000 95.0 94.0 95.0
2900 94.9 94.0 97.0
2800 94.3 93.0 99.3
2700 93.8 94.6 95.8
2600 93.3 92.0 97.3
2500 91.8 91.1 96.3
■ 2400 90.2 90.0 96.3
2300 88.3 88.8 95.3
2200 81.8 87.7 88.3
2150 77.3 84.5 81.7
2100 74.6 80.0 74.7
2090 72.3 78.5 73.0
2080 71.3 77.0 72.3
2070 71.0 74.8 70.5
2060 70.9 76.0 67.2
2050 71.0 77.2 68.0
' 2040 68.0
2030 71.0
2020 74.0
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2. T'SCMIQUE (T O^HIUCTIMETHIC MEASUREMENT OF ADSORPTION
The clean apparatus (fig.l ) was first "blown out" with
a stream of nitrogen gas. A known weight of conductivity water of the highest 
purity was introduced into the largest chamber of the cell, through the B.10 
opening at A. The cell was fixed in the thermostat and allowed to come to 
temperature Qquilibriumtafter which the conductivity of the water was measured 
by forcing some of it through the sintered disc into the electrode compartment, 
using a stream of nitrogen gas. Constancy of bridge reading was taken as the 
criterion for equilibrium.
A known weight of metal powder was added through A and 
equilibrated with the water. The conductivity of the solution was measured as 
before, allowing the powder to settle and forcing the supematent liquid into 
the electrode chamber.
The electrolyte concentration, inside the cell, was gradually
increased from 1 x 10 N. to 1 x 10 N. by adding small quantities of stock
solution from a weight burette. After each addition the powder was vigorously 
stirred until equilibrium had been attained, the conductivity at equilibrium 
was then measured.
Preliminary experiments had shown that the increase in 
conductivity of the water, upon addition of the metal powder, was additive to 
that of the conductivity of added salt. Hence in the interpretation of 
conductance measurements for adsorption, this increase has been treated as a 
solvent correction. Thus if
K =s conductivity of water before addition of powder t
K s= conductivity of water after addition of powder,
= o°n^ v-c‘^"1’-vi'ty of the solution after addition of salt to bripg the 
concentration to Gq (Normality), if no adsorption took place, then Kthe true 
conductivity of the electrolyte left in the bulk of the solution at
equilibrium concentration was calculated from;
Kt « ^  Kg .......... 1b
(Kg - K^ ) and not Kg was used as the correction factor in acid solution since
4* «» M
the conductivity K^ was attributed, Davies( 37),entirely to H and CO^  ions,
furnished by dissolved carbonic acid, the concentration of which will be
-5suppressed in concentrations of acid greater than 2 x 10 N.
The number of solute ions, od , of each sign involved in the
whole electrical double layer per unit area of interface is given by >
N (Kq - Kj S (C0 - Cg)
O C  22 11 r ~l 1 J - L.-.-L- S .1 .1 '■ ■ ’ " "r 1 ' « • * • • • • • • •  J.JL J. • U «
e (l, + l ) 1000 x e
T  ~
where N = Avagadro number.
Kq = Conductivity of the acid (concentration C^ ).
in the absence of adsorption.
K^ as Conductivity of the acid (concentration C^ )
left in the bulk of the solution after adsorption.
0 ss Area of solid phase per volume of liquid phase.
L & L ss Ionic conductances of cation and anion.
■f *■
The number of ions^o^are divided between the fixed and the 
diffuse parts of the double layer.
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3. ' THE TIME TAKEN FOR EQUILIBRIUM ADSORPTION
TO j BE ATTAINED
M? bchell reported that sorption equilibrium' at the silver/
solution interface was attained instantaneously, independent of the type of ion
present in the solution (36 ). This was also true for the gold/lCC 1 interface,
investigated here, although a time of twenty minutes was usually allowed to
ensure that equilibrium had been attained. This was to be expected with neutral
salt solutions, from which any adsorption was presumably due to weak physical
forces of attraction. However in the case of hydrochloric acid solution, the
sorption process at a gold surface was much slower. Initially the sorption took
place relatively quickly, in dilute solutions 50fo of the equilibrium amount
being adsorbed in the first 15-30 minutes; this was followed by a slower
process, the duration of which was dependent on the concentration of the
-4
electrolyte. At concentrations of acid less than 5 z 10 N. equilibrium was
usually attained in about three hours, but at higher concentrations much longer
times were required sometimes involving a period of several days.
This is illustrated in Graph No. 3 in which the rise in
conductivity of the solution (reciprocal ohms), representing the adsorption is
plotted against time. In A. the equilibrium concentration of HC1 was 
-41,138 x 10 u, and the time taken to attain equilibrium approximately 200 minutes
-3in B. the equivalent values were 1.1 x 10 N. and ^  80 hours. Experiments 
with silver powder in acid solution did not confirm Mitchell's observations 
( 36 ) • It appeared that 80$' of the sorption did take place very rapidly but 
this was followed by a slower process which usually took about 3 hours to come 
to equilibrium.
This evidence suggests that a chemisorption process is 
proceeding at the metal surface in acid solution. Initially the whole of 
the metal surface would he available for adsorption and one would expect 
sorption at this stage to take place relatively quickly. As the adsorbed 
layer was built up it would become increasingly difficult for the remaining 
ions in solution to reach the surface, hence the rate of adsorption would slow 
down, as is observed.
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GRAPH 3.
TIME TAKEN FOR EQUILIBRIUM ADSORPTION TO BE
ATTAINED AT THE GOLD / hCI INTERFACE.
2-27 « CjssH xIO N,
232 h ,
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chemisorption processes were particularly suspected.
In the case of silver, the powder tended to flocculate in
acid solutions of concentration greater than 1 x 10"*\., indicating a change
in the surface properties of the. powder. The results of two typical runs
are given in Tables 4 ^ 5  showing cK. and oC the number of ions
R
adsorbed per gm. of powder in runs in which the electrolyte concentration was
successively increased and decreased respectively and |$ cx>< the
D
number of ions desorbed between each dilution.
It is apparent that with silver the adsorption is less than ifo 
reversible and that the chemisorbed layers must be removed by some chemical 
method if the powder is to be used in further experiments. Ammonia solution 
was considered suitable since it dissolves both Ag^ O and AgCl and when the 
silver powder was treated with it a deflocculating effect was observed almost 
immediately. Silver powder treated in this manner gave reproducible results 
to within t 5fo when used in further adsorption experiments.
With gold powder it appears that quite a large proportion of 
the adsorbed ions can be washed off again by successive dilution of the 
solution. The reversibility appears to increase with increasing dilution and 
as already described (page 42 ) conductivity water, which has been in contact 
with gold, has been found to contain quite high concentrations of chloride ion. 
The adsorption in salt solutions was considered to be quite reversible since 
reproducible isotherms were obtained with specimens of both silver and gold 
powders by washing them continuously in conductivity water after each experiment.
This technique could not be considered an accurate one because 
the magnitude of ’’the solvent correction”, involving Kq, could not be measured
51-
during the course of the dilution run and for the lack of anything better the
original value of K - K , measured at the beginning of the adsorption run, s w
was used to interpret the conductivity readings.
Thus the accuracy of the (Xj, values calculated in solutions 
of concentration less than 10 N^. would be doubtful. The above results, 
however, are satisfactory in giving a good qualitative idea of the reversibility 
of the adsorption processes in the systems studied.
000O000
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TABLE 4.
ADSORPTION & DESORPTION AT THE GOLD/HCL INTERFACE.
o£ ~ tho no. of ions adsorbed/gm. of gold, initially.
= the no. of ions desorbed/gm. of gold at each dilution.
D
- tho no. of ions remaining adsorbed, after each dilution.
R
Equilibrium 
Cone. N. C< o<
1.324 x 1075 5.541 z 1017
9.773 x 1074 172.773 x 10
5.702 x 1074 2.415 x 1017
3.217 x 1074 2.042 x 1017
1.479 x 1074 1.578 x 1017
7.244 x 1075 1.178 x 1017
-5 165.012 x 10/ 7.943 x 10
b075 x 1016
1.658 x 10 
3.615 x 10
16
16
} 8.915 
)*■
x 10
113 x 10
15
16
R
3.434 x 1017
3.268 x 10 
2.906 x 10 
2.819 x 10 
2.407 x 10
17
17
17
17
TABLE 5.
ABSORPTION AM) DESORPTION VALUES AT 
THE S1LVER/HC1 INTERFACE
C< ~ the no. of ions adsorbed/gm. of silver, initially
" ” " desorbed ” 1 " at each
L dilution.
£ = " " " " remaining adsorbed/gm. of silver, after
each dilution.
Equilibrium 
Cone. N, c< °< I)
5.099 x 10“4 
2.825 x 10~4 
1.493 x Hf4 
7.925 x 10~5 
4.055 x IQ"5 
2.138 x 10’5 
1.012 x 10~5
2.905 x 1018
1.230 x 1018
9.333 x 1017
4.677 x 1017 
172.512 x 10 '
1.905 x 1017 
1.622 x 1017
^2.388 x 1016 
j1.194 x 1016 
j7.530 x 1015 
j4.050 x 1015 
|2.480 x 1015
j0.000
2.881 x 1018
TO
2.869 x 10
1ft
2.861 x 10 
2.857 x 1018
2.855 x 1018
2.855 x 1018
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1. THEORETICAL
(a) The Diffuse Laver
The excess numbers of positive and negative solute ions in the 
diffuse layer, may be expressed in terms of the bulk solution concentrations 
rig, and the electrical potential at the boundary between the fixed and diffuse 
layers, ""V* d. Thus for a uni-univalent electrolyte
= -2 X n ®  (l - exp. -e"bd/ 2kT) .......................   (iv.i)
= -2\ n! (1 - exp. +e "^d/2k3!) .............. (XT.2)
where X = the Debye-Huckel equivalent double layer thickness, e = the 
electronic charge, k = Boltzmann’s constant and T = the absolute temperature. 
The derivation of these equations has been given elsewhere (10).
The value of the potential, >  d, at the boundary between the 
two layers has given rise to considerable controversy, particularly as to 
whether >  d is identical with ^ , the potential at the plane of shear in 
electrokinetic phenomena. (See Discussion at the end of the section). It 
would appear likely that any immobile layer at the surface must consist of ions 
held by adsorption forces and not merely in equilibrium under electrostatic 
and kinetic dispersion forces. In the absence of conclusive evidence, it will 
be assumed that the plane of shear, in electrokinetic phenomena, coincides with 
the boundary between the fixed and diffuse layers and that it is legitimate to 
set y  d equal to ^ in the above equations.
(b) The Fixed Layer
E 2The number of solute ions, n- per cm. of interface in thec
D
DIL-
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fixed layer m y  be obtained from the equation >
F
ni
D
. (IV.3)
FThe activity, a_^, of an ion in the fixed layer is related to
g
its activity a., in the bulk solution by the expression
F
a.l
aB1
= exp,
(m8) - (m®1.)1/Q 10
RT (IV.4)
where Mq is the electrochemical potential of the ion i in a suitably chosen 
standard state. This electrochemical potential may be regarded as consisting 
of two terms, one a chemical potential, the other an electrical potential. If 
the surface carries no charge of its own (e.g. due to preferential release of 
ions of one sign from the surface material) it seems justifiable to assume that 
the electrokinetic potential represents the average potential within the fixed 
layer. Then
-  o f t  = {A k -  {/ f t - v - s  (IV-5)
where Z = valency of the ion i, F = the Faraday, and is the chemical 
potential in the standard state, which may conveniently be taken as infinite 
dilution in both the bulk solution and the fixed layer. The specific chemical 
adsorption potential is then defined as
= l $ < >  - s A (IT.6)
this being the decrease in chemical potential when the ion is adsorbed into 
the fixed layer and subject to the assumption mentioned above, should be 
characteristic of the particular ion.
In the limit, as the concentration tends to zero, we may write
P Bbulk solution respectively. When xt, z~, are not vanishingly small, we may
write
x.JL
"bx.i
= GZp. h - Z..P
HT (IV.8)
where Jo. will depend upon x., xt\ due to non-ideality but will approach j^ .o at
infinite dilution.
If IL, is the total number of ions and molecules per cm. in the
3fixed layer and 1L, the total number of ions and molecules per cm. in the bulk
-D
solution.
P P B Bn. = x. N and n- = x. N_t t 1 i a (iv.9)
Hence from equation IV.8
P
ni ^
wn. N 
i p
exp, 0. -
RT
(iv.io)
i.e. a = Z.PC - HT in.l i ? Pn.i
(IV.11)
Calculations of this adsorption potential would suffer from the disadvantage 
that the total number of ions and molecules per unit area in the fixed layer 
(N_) - a most ill defined quantity - is involved. It is suggested that a
.e
more suitable double layer parameter would be the adsorption energy, E.,
defined as the sum of the chemical adsorption energy, JZT , and the localisation
energy of the ions on the adsorption sites. Equation IV.10 may be 
rewritten
pn.
i
!! exp. \ + RT In. B
- z .f£
RT (IV.12)
The term Np/N  ^represents the localisation energy of the ions on the 
adsorption sites and hence 
F Bn^  = n^  exp, E. - Z.PS,i 1 ^
or
E = RT In. 
i
RT
P / B n. / n.l i
(iv.13)
(IV.14)
The parameter E. may be calculated without a knowledge of N , Once known it i P
will completely define the conditions existing in a double layer of the kind 
considered, namely, where the surface charge is set up entirely by ion 
adsorption. The non-ionogenic nature of the metal surfaces considered is 
discussed in Part 2, Sections 4 and 5.
2. EXPERIMENTAL RESULTS
Tables 6 & 7 show the results for two separate runs of
adsorption from hydrochloric acid hy gold powder, In these runs the
procedure described in Section III, 3 was followed and the measured
conductivities were corrected for the initial conductivity of the water,
caused by the addition of the gold powder.
The values of , the number of solute ions of each sign in
the whole electrical double layer/unit area of interface, were calculated
using equation III 2. Results were reproducible to within lOfo except at the
-3higher concentrations approximately 10 N., where the scatter was somewhat 
largert Using values from the smoothed log^c^/log^ C^,. curve, Graph 4.
-5corresponding to concentrations of hydrochloric acid of 2,5 x 10 , 1, 2,
-4 -35 x 10 1,2 x 10 normal, together with the appropriate electrokinetic data
from Part II, an estimation of tho distribution of ions in the electrical
double layer and hence of the adsorption energies (K.cals/gm.ion) of the ions 
therein were calculated, using equations IV 1, 2, 3 and 14. These 
preliminary calculated parameters are tabulated in Table 8* and shown 
diagrammatically in GRAPHS 5 & 6*
oooOooo
TABLE 6
HYDROCHLORIC ACID. RUB A
c n
Initial Conductivity of Water = 3.7333 x 10” (ohm” )
Conductivity of Water after Addition of Gold
Powder = 1.9563 x 10”5 (ohm"1)
Conductivity Correction Term = (K - K )
= 1.5830 x 10”5 (ohm”1)
Measured
Condy* Km 
(ohm
Cone11* Co. 
(Normal)
Lquillbrium
Concn# Cg 
(Normal)
ft
2/ 3 cm /cm
o4 = oC
H+ Cl-
Lons /cm
i
3.8957x10"-5 2.343x10“'’ 1.380xl0”5 297 1.955 x 1013
7.0886x10“-5 7.038xio“5 3.184X10”5 295 7.877 x 1013
2.3047X10"4 1.679X10"4 1.138X10”4 288 1.133 x 1013
* 7.3153x10*4 4.358xiO-4 3.556x10”^ 287 1.685 x 1014
2.1997x10"-3 1.254xl0“3 1.102 xl0~3 287 3.194 x 1014
TABLE 7
HYDROCHLORIC ACID. RIM B.
Initial Conductivity of Water = 2.5106 x 10*"^  (ohm"”1)
Conductivity of Water after Addition of Gold
Powder = 1.2739 x 10~5 (ohm’1)
Conductivity Correction Term = 1.0228 x 10~ (ohm )
Measured
Cond^ * Km 
(ohm ~1)
Cone11, Co. 
(Normal)
Equilibrium
Cone11* C„ 
(Normal)
0
2 3 cm /cm
oCrt+ = °^cL"
/ 2 ions /cm
2.3822xl0“5 2.967 xlO~5 1.319 x 10”5 310 3.205 x 1013
4.8053xl0“5 6.611 xlO“5 3.565 x 10~5 307 5.983 x 1013
8.8669xl0“5 1.201 xlO-4 7.245 x 10’5 301 9.551 x 1013
2.3213xl0~4 2.950 xlO""4 2.018 x 10-4 300 1.873 x 1014
9.3371X10"4 9.510 xlO"4 8.414 x 10 4 298 2.219 x 1014
2.000 xlO“5 1.999 xlO~5 1.849 x 10“3 295 3.066 xlO14
TABLE 8
FIXED LAYER DATA and ADSORPTION ENERGIES 
of HYDROGEN and CHLORIDE IONS;- 
UNCORRECTED VALUES
Equilm# !
Cone11*
HC1. (N)
o <
/ 2 ions/cm
F
V
/ 2 ions/cm
P
nc r
/ 2 ions/cm
V
K. cals.
E„,-C1
K. cals.
2 x 10~5 3.546 x 1015 3.543 x 1013 3.55 x 1015 -3.88 -2.95
5 x 10~5 7.26 x 1015 7.255 x 1013 7.265 x 1015 -3.99 -3.14
1 x 10'4 1.12 x 1014
141.121 x 10 * 1.123 x 1014 -4.07 -3.37
2 x 10~4 1.521 x 10 1.520 x 1014 1.522 x 1014 -4.25 -3.68
5 x 10“4 2.188 x 1014 2.187 x 1014 2.189 x 1014 -4.4 -4.12
-3
1 x 10 ' 2,66 x 1014 2.661 x 1014 2.662 x 1014 -4.67 -4.49
2 x 10*“5 3.20 x 1014 3.202 x 1014 3.062 x 1014 -4.96 -4.84
GRAPH 4.
GOLD / HYDROCHLORIC ACID.
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3. INTERPRETATION OF THE EXPERIMENTAL RESULTS
The picture of the composition of the electrical double layer 
at the Au/HCl interface, as given by the above calculations, would be an 
inaccurate one because*although allowance has been made for some entity 
desorbed from the metal surface and initially present in the solution, an 
appreciable amount of this entity would still remain on the surface and 
therefore contribute to the composition of the electrical double layer. An 
attempt has therefore been made to take this factor into consideration.
The nature of the material desorbed from the gold surface, on 
adding the powder to conductivity water, has been investigated and shown to be 
strongly acidic; dissociation of the acid was shown, conductrimetrically, to be 
unsuppressed by added HC1 of concentration 10~^N• (page 38 ) Furthermore, the 
presence of chloride ion in the solution was demonstrated spectrographically 
(page 41 ). This evidence was interpreted as indicating that the material 
desorbed from the gold surface in water was hydrochloric acid.
On this basis the conductivity, Kg, was regarded as a measure of
the amount desorbed. Furthermore, making the assumption that reversible
adsorption is involved, at the low concentrations of HC1 considered, (see page 50)
an estimate of the amount of HC1 remaining on the surface could be obtained.
The appropriate data for Eg and , required for this estimation, were
+
obtained by extrapolating the adsorption energy values tabulated in the last 
section.
Hence the procedure adopted for the analysis of the results was
as follows:
a) The equilibrium concentration of HC1, desorbed from the gold surface,
Cj, is calculated from Kg. The amount of acid adsorbed in the fixed part of 
the double layer at this bulk concentration of HC1 is obtained by solving the 
simultaneous equations
E, + E = RT In.T
P P n n 
+
B\2(n»)
and
CS" P P= n - n 
+
where (S" represents the electrokinetic charge at the Au/HCl interface at this
equilibrium concentration of HC1. For a first approximation E^ + and
are the extrapolated adsorption energies from the values calculated initially.
(2) The number of ions in the diffuse layer are calculated using the 
expression
n^ = -2 X n? (l - exp. -e ^  /2kT)
and hence
o< . = n. + Dj .
. (3) The "initial nominal” concentration of HC1, i.e. the bulk concentration
of acid that would have had to have been present, in order to produce this
initial surface coverage of the gold powder, will be given by
0 10 00 + c = 0 .
N
where Q  is the ratio: Area of gold surface/Volume of solution.
(4) Using Co + Cjj (CQ is the added concentration of HCl) as the new 
nominal concentration of acid and calculating (equilibrium concentration) 
directly from the measured conductivity K^ , new cK, values are calculated for 
the two separate runs previously recorded (pages . 60 & 61. )
(5) The adsorption energies of the chloride and hydrogen ions are
calculated using values taken from the new log1Ac</log J2 curve and the
1 U  1 U  lii
expressions
E = RT In. +
F
V + NF?
and
E a RT In.
B
L V J
F ‘
nci
B
nci
- NF
(6) With these corrected values of the adsorption energies it is 
possible to calculate a more accurate value of the nominal concentration of 
HC1. Stages (3) to (5) are then repeated.
This system of successive approximations is continued until 
no further correction to the value of the adsorption energies is entailed.
In practice the procedure need be repeated twice only.
000O000
TABLE 9
DAT* USED TO CALCULATE THE "INITIAL NOMINAL1 
CONCENTRATION OF HC1, Ctvt
CALCULATED RUN B RUN A
DATA
1
CORRECTION
i 2 I
CORRECTION 
! 2.
Cj (N) 1.166 x 10~5 1.306 x 10-5
n® (ions/cc) 7.031 x 1015 7.875 x IO15
D /• /  2\  n, (ions/cm ) + 8.903 xlO10 1.045 x IO11
D /. / 2\ n (10ns/cm / 5.236 1A10 x 10 5.433
in10 x 10
Eg+ K. cals. -3.910 -3.790 -3.860 -3.790
K, cals. -2.810 -2.740 -2.830 -2.749
nf (ions/cm^ )T 2.403 x IO13 2.826 x io13 2.760 x IO13 3.137 x IO13
P /. / 2\ n (ions/cm ; 2.417 x IO13 2.840 x 1013 2.775 x io13 133.152 x 10
c* (ions/cm^ ) 2.412 x io13 2.835 x 1013 2.770 x io13 3.147 x IO13
cn (n ) 2.386 x 10-5 2.600 x 10”5 2.740 x io”5 2.919 x 10“5
68*
TABLE 10
FIXED LAYER DATA and ADSORPTION ENERGIES OF 
HYDROGEN and CHLORIDE IONS:- 
lst CORRECTED VALUES
Equiim* 
Concn* 
HC1. (N)
o<
/ 2 ions/cm
F.ntT+
. H/ 2 ions/cm o
•H
V
K.cals.
E -
Cl
K, cals.
2 x 10“5 5.400 x IO15 5.391 x IO15 5.401 x IO13 -3.72 -2.68
5 x 10“5 1,090 x IO14 1.089 x 1014 1,091 x IO14 -3.76 -2.90
1 x IO"4 141.510 x 10 ^ 1,509 x IO14 141.511 x 10 -3.89 -3.20
2 x 10“4 141.930 x 10 141.929 x 10 141.931 x 10 -4.14 -3.54
5 x 10~4 142.470 x 10
14
2.469 x 10 2.471 x IO14 -4.36 -4.09
1 x 10“3 142.890 x 10 ^ 142,889 x 10
14
2.891 x 10 -4.62 -4.42
2 x 10“3 3.310 x IO14 3.309 x IO14 143,311 x 10
i
-4.92 -4.79
TABLE 11
FIXED LAYER DATA and ABSORPTION ENERGIES 
of HYDROGEN and CHLORIDE IONS:- 
FINAL CORRECTED VALUES
Equilm* 
Cone11* 
HC1. (N)
o<
/ 2 ions/cm
F
nH+
/ 2 ions/cm
Fn _
Cl 2
ions/cm
- ------
V
K.cals.
E - 
Cl
K. cals.
2 x 10“5 5.800 x IO15 5.791 x IO15 5.801 x IO13 -5.68 -2.64
5 x 10“5 1.155 x IO14 1.154 x 1014 1.156 x 1014 -5.73 -2.88
1 x 10“4 1.540 x 1014 141.559 x 10 1.541 x 1014 -5.88 -5.18
2 x IO-*4 141.950 x 10 * 1.949 x 1014 141.951 x 10 ^ -4.07 -3.53
5 x IO"4 2.480 x 10 4 142.479 x 10 2.481 X 1014 -4.36 -4.05
1 x 10“5 2.905 x 1014 2.906 x IO14 2.906 x 1014 -4.62 —4.42
GRAPH 5 .
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4. DISCUSSION
As previously mentioned (Section IV 1.) there is some doubt 
as to whether >  d, the potential at the boundary between the fixed and 
diffuse layers, is identical with C , the potential at the plane of shear in 
electrokinetics.phenomena, Eversole & Lahr ( 38 & 39 ),investigating the 
equilibrium distance of separation of a lens and a plane plate , in solution, 
found that this distance was of the order of 1000 A0, Hence they postulated 
an immobile liquid film of thickness approaching 100 A0, suggesting that the 
electrokinetic plane of shear is some distance further from the solid surface 
than the boundary of the fixed layer as visualised by Stem ( 6 ).
Elton ( 40 & 41 ) criticised this work and showed that the 
experimental error in their measurements did not justify the conclusions 
reached. Using more refined experimental techniques Elton demonstrated the 
non-existfnce of rigid solvate layers of thickness as great as 100 A°. at quartz
interfaces in dilute solutions and found that the thickness of any rigid ionic
or molecular layer attached to the surface was unlikely to exceed 25 A0,
In recent years Rutgers & co-workers ( 9 ) have obtained
concordant results for the electrokinetic potential at the glass/solution 
interface using the techniques of streaming potential ancj, elegtyo-endosmosis* 
Previously the fact that the measured potential at an interface depended 
upon the type of technique employed to measure it had been used as an argument 
against using V d  = C-( 42 ).
For the purpose of the calculations in this thesis, then, it has 
been assumed that *Vd can be put equal to Zf .
The electrokinetic potential data used in calculations of the
solute ion content of the diffuse part of the double layer is given in Part II.
They were determinei using a micro-electrophoretic technique in which the
total area of the colloidal suspension was sufficiently small to render the
difference (due to ion adsorption) between the equilibrium concentration and the
’’nominal” concentration negligible.
The accuracy of the electrokinetic potentials at low
concentrations ( ^  5 x is somewhat in doubt, because of the various
corrections and approximations that are necessary for their derivation (see
Discussion Part 2, Section 4). However the error involved would not be
sufficient to alter the general picture of the adsorption at this interface.
Prom the results given in Tables 8-11, a general picture of
the electrical double layer at the gold/hydrochloric acid interface can be
obtained. The fixed part or Stern layer consists of both cations and anions,
the resultant surface charge being due to a small excess of anions. The
diffuse part of the double layer contains only a small percentage of the total
ionic content, usually less than .02$.
The quantitative picture of the composition of the electrical
double layer is less precise because of the nature of some of the assumptions
P
involved in the calculations. Three separate values of cA, n _ and E are
+ i
given in Tables 8,9 & lOwith respect to this interface. The first series of 
values give the number of ions of each sign and their respective adsorption 
energies (as defined on page 57 ) adsorbed into the Stem layer at gradually
increasing equilibrium concentrations of hydrochloric acid, assuming: -
(a) that the ions and molecules already on the surface do not interfere 
with the adsorption of ions frcm the electrolyte under consideration.
(b) that the presence of some desorbed entity in the solution does 
not affect the extent of adsorption of any of the solute ions.
The validity of the latter assumption could not be verified 
because it was not possible to obtain a sample of conductivity water which, 
having been in contact with gold powder for a period of 24 hours, did not have 
an appreciable conductance, indicating the presence of some desorbed entity. 
Moreover, if initially a certain proportion of the metal surface is already 
covered with some previously adsorbed entity, it will occupy sites which 
otherwise would have been accessible to ions in the solution. The measured 
adsorption will then be less than the adsorption which would have taken place in 
the absence of the pre-adsorbed entity. The fact that Au/HCl adsorption 
isotherms were so difficult to produce,may well have been due to a variation in 
the extent of this initial coverage on different specimens of gold powder.
In an attempt to consider the effect of this partial coverage of 
the adsorbent, the desorbed entity was assumed to be hydrochloric acid 
(evidence summarized on page 64 ), and its initial concentration C^ , 
calculated from the original conductivity of the solution (in equilibrium with 
the metal powder), Kc. Hence the nominal concentration of HCI, and the 
amount still on the surface at an equilibrium concentration of HCI equivalent 
to Cj, was calculated.
FThe recalculated values of CX and hence n. and are somewhat
x i
-4larger on the basis of this assumption, e.g. in 10 N. HCI the increase in
•2
ci is approximately 40$ and in 2 x 10 N, HCI it is about £$. The scatter of
the original experimental values (Tables 6 & 7) was somewhat large, separate 
runs being reproducible to within 10$. Corrected in the above manner, the
scatter is reduced, the separate runs now being reproducible to within 5$
mmA P
at concentrations below 5 x 10 N. h^e increase in n^  with increasing bulk
concentration is shown diagramatically on page 70. It is interesting to 
Pnote that the (corrected) -log^ C^ , is now linear, showing no sign of
saturation up to concentrations of 2 x id*"?!*
The initial concentration of HCI in the solution C^ , calculated
-5from K , was usually of the order of 1 x 10 N, At this concentration the
carbonic acid content of the water, to which the conductance of the original
conductivity water is due, will not be completely suppressed. This
-5suppression will be practically complete at approximately 2 x 10 N, HCI.
However the contribution from C0^ “ ~, HC0^“ etc. to the conductivity Kg 
would be rather small, probably less than 5/<?. This would not involve an 
error in the recalculated values of cK which would exceed the experimental 
error.
The energy of adsorption, as calculated, represents the energy
change involved in the transference of the ion from the bulk solution to the
site in the fixed layer. It will therefore include the energy of removal of
any ionic hydration shell and also the energy involved in the removal of the
ion or molecule previously occupying the site, usually a water molecule.
eyitift
Graph 6 illustrates the variation of the adsorption/of the chloride and
hydrogen ions with the logarithm of the equilibrium concentration. The smaller
negative values of the adsorption energies of the chloride ion represent
stronger adsorption of this ion, but the difference between Eg+ and EC1_
diminishes as the equilibrium concentration of HCI increases. The two should
_2
be equivalent at the iso-electric point at about 2 x 10 N. As expected the
energy of adsorption tend3 to a limiting value at high dilution. The
correction mentioned above alters these E. values less than it did the1
corresponding values mentioned on the previous page, e.g. 15$ increase 
at 10“V  HCI and 1$ at 2 x .10“V  HCI.
In view of the relatively large scatter of the experimental 
values and the assumptions involved in the subsequent derivation of the 
electrical double layer data, it is considered unwise to place too much 
emphasis on the absolute values of the calculated data. However, they are 
sufficient to give a general physical picture of the adsorption at the gold/ 
hydrochloric acid interface.
oooOooo
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1. INTERPRETATION OF RESULTS
The experimental procedure adopted for this investigation was
exactly as described in Section III, 2. As in the case of adsorption from
hydrochloric acid solution, two extreme cases had to be considered. Initially
+ —the extent of adsorption of K and Cl ions into the electrical double layer 
was calculated, neglecting the effect of any desorbed HCI in the solution and 
pre-adsorbed HCI on the surface. The second analysis was an attempt to take
these factors into consideration. It is necessary to calculate the amount of
HCI initially present in the solution, and hence the amount of acid remaining 
on the surface, using extrapolated adsorption energies (taken from the work 
recorded in the previous section) for the gold/hydrochloric acid interface.
The full analysis in both cases is given below:
1, (a) The values of a( , the number of ions of each sign in the
whole electrical double layer/unit area of interface are calculated using 
equation 111 2. where C„, the equilibrium concentration of KC1 solution is 
obtained from the corrected conductivity data, namely - K^ , Two separate 
runs are recorded in Tables 12 & 13. Log Oi is shown plot tad against Log. 
equilibrium concentration^ in Graph 7*
(b) Values of 0( , taken from the smoothed curve in Graph 7 at
-5 -4 -3equilibrium concentrations 1, 2, 5x10 ,1, 2, 5x10 ,1, 2x10
normal KOI are vised, together with the appropriate electrokinetic data recorded
F F D
in Part II, to calculate the electrical double layer parameters n , n , n ,
T T
h^ , E+ and E using equations IV. 1, 2, 3 and 14* ^his data is recorded in 
Table 14 and the variation of adsorption energy with increasing equilibrium 
concentration illustrated in Pig. 9.
79.
In the second analysis we have to consider adsorption from a 
mixed acid-salt solution. It is necessary to assume that the amount of HCI 
desorbed from the gold surface and initially present in the bulk of the 
solution, together with that remaining on the surface, remains constant, 
whilst the concentration of KC1 is gradually increased throughout the 
experimental run. The analysis is then carried out as follows:
2, (a) The initial desorbed quantity of HCI present in the bulk of the
solution is calculated from the initial conductivity of the solution Kg, for 
both runs A and B, and the average value Cj. is taken.
(b) The corresponding number of ions in the fixed layer is 
calculated from the simultaneous equations
E + E = RT In. 
+  —
F F' n n 
+ "
( B>i2(n.)
and
lT“/ F FO / e  ss n - n 
— +
where E and E are the corresponding adsorption energies at the appropriate*T "•
concentration, taken from the work on HCI solution (final corrected values) and 
QT is the electrokinetic charge at the Au/HCl interface when the equilibrium 
concentration is C£,
(c) The corresponding number of ions in the diffuse layer are 
calculated from the expressions
nj « —  2 \  n? (l - exp. -e C/2kT)
and hence
80.
(a) The "initial nominal" concentration of HCI is then given by 
; & \OQO + C = C----- “ v, w
W
where © is the ratio Area of gold powder/volume of solution.
(e) New values relating to adsorption of the Cl~ ion are
calculated to include the contribution of Cl” ion already present in the
electrical double layer at the beginning of the run. Hence
°<-neW = <*ol-(ECl) + o < 01-(HCl)
However, these new values refer to equilibrium concentrations equal to C^  + 
Cp and hence it is necessary to plot against log.(Cg + Cp in order
to obtain the appropriate values of o<, at equilibrium concentrations of
-5 -4. -3chloride ion equivalent to 2, 5» x 10 , 1, 2, 5 x 10 , 1, 2 x 10 normal.
(f) Due to the presence of H+ ion in the bulk of the solution the 
true electrokinetic charge will be lower than that at the appropriate 
concentration of neutral salt, and will lie between OT and. OTj^. In 
order to calculate the double layer parameters with respect to this Au/mixed 
acid/salt solution interface, it will be necessary to obtain the appropriate 
electrokinetic charge at this same interface. This is done by means of a 
linear interpolation, thus:
and the corresponding value of the potential is obtained from
(g) Using this electrokinetic data values of n are■4*
calculated using equation IV, 1 and 2, njj+will be given by 
D D Dn+ = v + v-
D +where nig+is the contribution of the initially adsorbed H ion in the diffuse
layer, and is calculated as in (c) above. These values, together with the
final electrokinetic data are tabulated on page 86.
F F(h) n^ +and n^ + are calculated, together with the appropriate
adsorption energies Eg+and using equations IV, 3 and 4. In the case 
Pof n^-the recalculated values were used. These values are tabulated on 
page 86 and represented graphically on pages 88 and 89 • The 
distribution of ions in the bulk solution is recorded in Table 15 A.
ooOoo
TABLE 12,
POTASSIUM CHLORIDE, RUN A,
Initial Conductivity of Water = 0.983 x 10“^  (ohm"'1').
Conductivity of water after -
addition of Gold Powder = 1.242 x 10 (ohm ),
-5 -i
Conductivity Correction Term = 1.242 x 10 (ohm ).
Measured 
Condy* Kin 
(ohm“ )^
Cono11* Co. 
(Normal)
Equilibrium 
Cono11' C g 
(Normal)
O \ o
o<
/ 2 ioifsi./em
1.5294 x 10-5 1,894 x IQ'5 7.379 x 10‘6 613 1.146 x 1013
2.3047 x 10-5 4.484 x 10-5 2.518 x 10-5 609 1.947 x 1013
3.627 x 10-5 8.263 x 10~5 5.675 x 10"5 604 2.584 x 1013
6.3027 x 10"5 1.527 x 10‘4 1.213 x 10"4 594 3.188 x 1013
1.5047 x 10 3.7395 x 10-4 3.327 x 10-4 593 4.363 x 1013
3.7311 x 10"4 9.268 x 10 8.710 x 10-4 590 5.707 x 1013
6.2742 x 10-4 1.537 x 10~3 1.476 x 10'3 587 6.240 x 1013 
■ ——  —  ■■ ■ 1
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TABLE 13.
POTASSIUM CHLORIDE. RUN B.
1.2 x 10“6 (ohm""^ ).
1.1500 x Kf^ohnf1). 
-5/ -1,1.1500 x 10 (ohm ).
Measured 
Condy# Km 
(ohm”'*')
„ n Cone. Co.
(Normal)
Equilibrium
Cone11, Cg 
(Normal)
e
cmV cm3
oi
/ 2 
ions/cm
1.8071 x 10“5 3.1147 x 10~5 1.5417 x Kf5 601 1.578 x 1013
2.8894 x 10“5 6.3898 x 10~5 . 3.9903 x Kf5 596 2.428 x 1013
4.1700 x 10~5 9.8479 x Kf5 7.0795 x 10“5 592 2.820 x 1013
7.0781 x 10~5 1.7278 x Kf4 1.4126 x 10"4 581 3.271 x 1013
1.5598 x Kf4 3.7998 x Kf4 3.4198 x 10“4 580 3.957 x 1013
2.3948 x 10~4 5.9106 x 10~4 5.494 x Kf4 578 4.342 x 1013
3.7515 x 10“4 9.2643 x Kf4 8.8105 x Kf4 576 4.751 x 1013
5.7244 x Kf4 1.4115 x K f 5 1.3521 x 10“3 573 6.251 x 10 3
Initial Conductivity of Water =
Conductivity of Water after 
addition of Gold Powder =
Conductivity Correction Term =
GRAPH 7.
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TABLE 14.
A. COMPOSITION OF DIFFUSE LAYER AND ELECTROKINETIC 
CHARGES AND POTENTIALS.
Bulk Equilm. 
Cone. KC1 °
(Normal)
--- "U -
nGA-
excessr\
ions/cm
: ^
excess
ions/cm^
<r
e.s.u./cm?
C
m.v.
1 x IO-5 -7.29 x 1010 1.94 x 1011 136 50.1
2 x 10“3 -1.00 x 1011 2.44 x 1011 165 47.0
5 x 10-5 -1.48 x 1011 3.39 x 1011 232 42.7
1 x 10-4 -1.95 x 1011 4.14 x 1011 294 38.6
2 x 10-4 -2.46 x 1011 4.54 x 1011 336 34.4
5 x 10-4 -3.4 x 1011 5.77 x 1011 446 27.2
1 x 10-3 -4.38 x 1011 7.00 x 1011 549 24.1
2 x 10-3 -5.86 x 1011 9.60 x 1011 742 22.0
B. COMPOSITION OF FIXED LAYER AND ADSORPTION ENERGIES OF 
THE POTASSIUM AND CHLORIDE IONS.
Cone. N. 
KC1
...T -----
nc r  2
ions/cm
& / 2 ions/cm
c<
ions/cm^
%
K.cals
E
Cl~
K.cals
1 x 10“5
2 x 10“5 
5 x 10“5
1 x 10-4
2 x 10-4 
5 x 10“4
1 x 10“3
2 x 10~3
1.30 x 1013
1.80 x 1013 
2.59 x lO1^  
3.09 x 10!3 
3.66 x lO1^  
4.55 x 1013 
5.33 x 1013 
6.25 x 1013
1.28 x 1013 
1.76 x 1013 
2.54 x 10« 
3.03 x 10l3 
3.59 x 10l3 
4.43 x 10!3 
5.21 x 1013 
6.10 x 1013
1.297 x 10l3 
1.786 x 1013 
2.572 x 1013 
3.069 x 1013 
3.631 x 1013 
4.487 x 1013 
5.284 x 1013 
6.194 x 1013
-4.80
-4.95
-5.17
-5.39
-5.60
-5.85
-6.09
-6.36
-2.48
-2.77
-3.19
-3.59
-4.00
-4.58
-4.97
-5.33
TABLE 15.
ADSORPTION FROM POTASSIUM CHLORIDE CORRECTED FOR 
THE PRESENCE OF DESORBED HYDROCHLORIC ACID.
Average conc. of HCI present in the hulk solution
initially = 9.76 x 10“ N
At this concentration:- 
= 28.2 m.v.
K +  = 3.73 K.cals. E = -2.60 K.cals.
Cl"
= 2.807 X 1013 nP _ = 2.820 x 1013
Cl
n L  * 8.474 s 1010 nP = 4.903 x 1010
11 Cl
COMPOSITION OF ZONE'S OF THE SYSTEM
A. COMPOSITION OF BULK SOLUTION.
- Bulk Equilm,’ 
Conc. KC1 (N)
n?V  3
ions/cm
nB _
• 51 3ions/ ciik
nBH+
ions/cm?
2 x 10“5 
5 x 10“5
1 x 10-4
2 x 10-4 
5 x 10"4
1 x 10“5
2 x 10-5
1.206 x 1016
3.015 x 1016
6.030 x 1016
1.206 x 1017
3.015 x 1017
6.030 x 1017
1.206 x 1018
1.795 x 1016 
3.604 x 1016 
6.619 x 1016 
1.263 x 1017 
3.074 x 1017 
6.089 x 1017 
1.212 x 1018
5.885 x 10^ 5
5.885 x 1015
5.885 x 10l5
5.885 x lO1^
5.885 x 10*5
5.885 x 10*5
5.885 x lO^
87.
TABLE 15. (CONTD.)
COMPOSITION OF DIFFUSE LAYER AND FINAL
CALCULATED ELECTROKINETIC DATA .
B.
Bulk Equilm. 
Conc. N.
D
ions/cm^
D n _
01ions/cm2
Final
?
m.v.
Final
a* 2e.s.u./cm
2 x 10~5 9.566 x 1010 -8.66 x 1010 37.7 127 .
5 x 10-5 2.104 x 1011 -1.387 x 1010 38.9 209
1 x 10""4 3.035 x 1011 -1,894 x 10 36.9 277
2 x 10"4 3.871 x 1011 -2.488 x 1011 32.9 344
5 x 10-4 4.910 x 1011 - 3.396 x 1013 27.2 440
1 x 10“3 6.124 x 1011 -4.369 x 1011 24.0 545
2 x 10“5 8.755 x 1011 -5.860 x 10n 22.0 742
COMPOSITION OF FIXED LAYER AND ADSORPTION ENERGIES
OF THE POTASSIUM AND CHLORIDE IONS,
C.
Bulk Equilm. 
Conc. N.
-----------_ ------------------
4+
ions/ cm2
nF .
01 2 ions/cm
E - 
■Cl
K.cals
V
K.cals.
►
2 x 10~5 
5 x 10-5
1 x 10-4
2 x 10“4 
5 x 10-4
1 x 10-5
2 x 10“5
1.776 x 1013 
2.554 x 1015 
3.039 x 1013 
3.592 x 10!3 
4.438 x 10!3 
5.223 x 10!3 
6.106 x 1013
4.133 x 1013 
5.200 x 10!3 
5.850 x 1015 
6.420 x U P  
7.336 x 1013 
8.153 x 1015 
9.078 x 1013
-2.49
-2.87
-3.26
-170
-4.30
-4.72
-5.11
-4.73
-5.09
-5.35
-5.56
-5.85
-6.09
-6.36
- — -.... i
it.
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2. DISCUSSION
The adsorption of KC1 at a gold surface appears to be a 
somewhat different process from that in HCI solution. This was indicated 
in the first instance by the varying rates at which adsorption equilibrium was 
attained in the two systems (see page 46.) The table below compares the 
relative amounts of adsorption of the cation and the anion in both instances, 
at gradually increasing equilibrium concentrations of the ionic species.
The values used refer to the total number of ions of that type adsorbed into 
the electrical double layer, corrected for the presence of HCI initially on 
the surface.
CATION ADSORPTION
CONC. (N.) H+ K+ H+ / K+
2 x 10~3 5.8 x 1013 1.78 x 1013 5.26
1 x 10~4 1.54 x 1014 5.04 x 1013 5.07
2 x 10~3 5.52 x 1014 6.10 x 1013 5.44
ANION ADSORPTION
CONC. (N.) 01 HC1 01 KC1 * C1 HCl^ C1KC1
2 x 10“5 5.8 x 1013 4.14 x 1013 1.40
1 x 10‘4 1.54 x 1014 5.91 x 1013 2.61
2 x 1(T3 5.52 x 1014 9.15 x 1013 5.64
Thus the ratio of the adsorbed ions from HCI and KC1 increases 
as the ionic content of the solution increases. The fact that a larger 
proportion of chloride ion is adsorbed by gold from HCI than from KC1 
illustrates the fact that the cation must play a significant role in the 
adsorption process although it is not the preferentially adsorbed ion.
The significant factors affecting
the relative extent of adsorption of ions in solution will he (a) valency ,
(b) size , (c) extent of hydration and (d) polarising power of the ion. The larger
is the charge on the.'ion and the smaller its size , the more facile will be its
adsorption at a surface. Similarly the smaller the extent of hydration the smaller
will be the ion and hence the larger will be its polarising power - all factors
which again tend to make the adsorption more facile.
The radius of the hydrated hydrogen ion i.e. H^0+ is 0.5 A°. compared
with 1.87 A0, in the case of K+; moreover the extent of hydration of the K+ion is
three times that of the H+ (43)• Although the calculated value of the energy of
hydration of the hydrogen ion is rather large there is a good deal of evidence
that proton transfer, involving the breaking of the H+-HgO bond, takes place rapidl
+and easily in solution as evidenced e.g. by the very large ionic mobility of the H
ion. It is quite probable that the greater adsorption of H than K ion can be
attributed , to a large extent , to these factors.
Assuming that the other ions are adsorbed as unsolvated ions, the tendency
to be adsorbed will decrease as the hydration energy (Eg) increases. The values
of recorded in the literature for the Cl and K+ ions are respectively 70.1 and
81.7 K.cals/mole which suggests that the tendency for adsorption is greater in the
case of the chloride ion other factors being equal.
ECorrections to n^.+ , for the contribution of HCI initially on the surface,
D +are very small since n^ + only is directly effected due to the presence of H ions
D Ein the diffuse layer; sinceCX.^ + remains constant and n^ + decreases, n^ + increases
Eslightly. However the correction to n^- is considerable because the amount of
Chloride initially on the surface is equivalent to an amount adsorbed at an
equilibrium concentration of KCl^M.O x 10“4N. Thus n^- (corrected) at 2.0 x 10“
concentration of chloride ior^ Ls 2 - 3  times the original value, and even at 2 xlfl?
Fthe correction amounts to a 50% increase in n^-. This analysis indicates that a
92.
correct interpretation of an adsorption process ( especially when the extent of 
the adsorption is rather small, as in this case) requires a knowledge of the 
true surface conditions of the adsorbent' before adsorption*
The calculated adsorption energies again change with concentration , 
approaching .a constant value at infinite dilution as required thermodynamically. 
The values of Eg+ are more negative than E^ + due to the greater adsorption of 
hydrogen ions. E^- calculated for the Au/kCl interface is more negative compared 
with the corresponding energy at the Au/HCl interface. By allowing for greater 
adsorption of chloride ion becomes less negative and hence closer to the 
value recorded for HCI solution. The difference between the two is never greater 
than 0,3 Kjj&ls. However since the total adsorption of the chloride ion and the 
respective cations is rather different in the two cases, one might expect the 
adsorption energy E^- to change accordingly. This does not occur because the wate
molecules on the surface of the adsorbent make a large contribution towards the
Ftotal number of ions and molecules in the fixed layer N • This factor is involved
F l Bin the localisation energy term RT In. N /E . Only when the adsorption of solute
ions becomes of appreciable magnitude compared with the contribution from the ,
solvent, will a difference in E^(HCl) & E^(KCl) be noted. This does occur at
X4 2higher equilibrium concentrations when©<g+ andoC^£^6 x 10 ions/cm .
Assuming that the size of the ions in the adsorbed layer is equal to 
that in an ionic crystal , it is possible to calculate an approximate value of the 
extent of surface coverage due to adsorption. These calculations indicate a 2>1% 
coverage with an adsorbed layer of HCI and lG% in the case of the KCl/HCl mixture 
at equilibrium concentrations of 2 x 10 However the nT / concentration plots 
are linear, showing no sign of saturation so it is not possible to say whether 
mono-layer adsorption will be attained, and if so at what concentration.
A Syjpy OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE CONDUCTIMETRIC TECHNIQUE.
S E C T I O N  6.
ADSORPTION BY SILVER POWDER FROM HYDROCHLORIC ACID AND POTASSIUM CHLORIDE
SOLUTIONS
1.) Experimental Results.
2.) Discussion.
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RESULTS.
Tables 16 & 17 and. 17 & 18 show the results for two separate runs of
adsorption from KC1 and HCI by silver powder, In these runs the procedure
described in Section 111. 3. was followed and the measured conductivities
were corrected for the initial conductivity of the water caused by the additioi
of the silver powder.
The values ofc* , the number of solute ions of each sign in the
whole of the electrical double layer/unit area of interface, were calculated
using equation 111, 2. Results were reproducible to within 5^ 1 relatively
high concentrations of acid ^ 7  x 10 , the scatter was somewhat larger.
Using values from the smoothed ©4 / log C-curve, together with the
appropriate electrokinetic data from Part 2, an estimation of the distribution
of ions in the electrical double layer and hence the adsorption energies of the
ions therein was calculated. The diffuse layer data for the Ag/KCl interface
is recorded in Table 20 and that of the Ag/HCl system in Table 21, The
corrresponding data for the fixed layer together with values of the adsorption
energies are shown in Tables 22 & 23 for the two systems.
oC is shown plotted against the logarithm of the equilibriumnUx
concentration in Graph 11 ,whilst the distribution of E and Cl ions in the 
fixed layer is shown in Graph 10. The adsorption energies of the ions at the 
two interfaces considered are also represented in Graph 12,
oooOooo
Potassium Chloride. Run A
Initial Conductivity of water = 9*45 x 10~ (ohm )•
•*6 “1
Conductivity of water after addition of silver powder = 7*50 x 10 (ohm )•
Measured 
Cond*^ . Km* 
(ohm"4").
Concur Co. 
(Normal).
Equilibrium 
Conc£. Cg 
(Normal).
02  ^cm /cm K Cl) 
iaru/cm2
1.2819 x 10"5 1.958 x 10"5 1.259 x 10"5 750 5.623 x 10 12
1.7774 x 10-5 3.476 x 10~5 2.495 x 10-5 745 7.943 x 10 12
2.5315 x 10~5 5.593 x 10^ 4.256 x 10~5 738 1.41 x 10 13
5.5213 x 10”5 1.3155 x 10*"4 1.413 x 10-4 720 1.445 x 10 13
1.1484 x 10"4 2.776 x 10"4 2.570 x 10"4 715 1.738 x 10 13
2.0372 x Kf4 4.929 x 10*4 4.699 x 10"4 713 1.948 x 10 13
3.6464 x lO*4 8.878 x 10*4 8.621 x 10"4 705 2.20 x 10*13 
------------ - ----------------- — ^
Potassium Chloride. Run B-
Initial Conductivity of Water = 9.00 x 10~^  (ohm"^).
Conductivity of Water after addition of silver powder = 7.32 x 10“^  (ohnT^ ).
Measured 
Cond^ . Km. 
(ohrn""^ ).
Concr% Co. 
(Normal).
Equilibrium
Concrk C...
E
(Normal).
K2  ^cm /cm .
©4, _ oC
k+ cr
ions/cm •
1.3150 x 10~5 1.758 x 10-5 1.413 x 10“5 748 2.781 x 1012
1.6046 x 10“5 2.951 x 10-5 2.023 x 10"5 744 7.521 x 1012
2.705 x 10”5 5.888 x 10“5 4.677 x lO”5 737 9.908 x 1012
5.6587 x 10-5 1.318 x 10“4 1.172 x 10“4 718 1.226 x 1013
1.1991 x 10“* 2.889 x 10-4 2.692 x 10“4 716 1.660 x 1013
2.5342 x 10“^ 6.184 X 10“4 5.958 x 10"4, 712 1.910 x 1013
5.2953 x lOT* 1.296 X 10“3 1.270 x 10~3 706 2.239 x 1013
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T A B L E  18.
Hydrochloric acid Run A.
z' —1
Initial Conductivity of Water = 1.7569 x 10 (ohm"" ),
 ^ «“1
Conductivity of Water after addition of silver powder = 4.978 x 10 (ohm ).
mJcS —1
Condy, correction term = - (Ks - Kw) = - 3.2209 x 10 (•hm ).
Measured 
Cand3^. Km. 
(ohm"'*').
Cone2. Co. 
(Noimal).
Equilibrium 
Concr% . 
(Normal).
--- -----
i2 / 3cm /cm •
+= -
B Cl •
ions ./can
1.1429 x 10"5 2.759 xlO-5 4.790 x 10"* 179 7.682 x 1013
2.5629 x 10"5 6.135 xlO-5 1.529 x 10"5 177 1.567 x 1014
7.2258 x 10-5 1.389 x 10-4 5.047 x 10"5 174 3.065 x 1014
1.2484 x Kf4 2*536 x 10-4 9.290 x 10"5 169 5.747 x 1014
7,692 x 10"4 S.l^ o x 10-3 6.531 x Kf4 16? 2.300 x 1015
1.000 x 10~3
.........
2.192 x 10-3 8.510 x 10"4 163 4.720 x 1015
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T A B L E  IQ. 
Hydrochloric Aoid. Run B.
c i
Initial Conductivity of Water = 1.784 x 10~ (ohm"" ).
—6 -1
Conductivity of Water after addition of silver powder = 8.009 x 10 (ohm*” ). 
Condy. correction term = (Ks - Kw) = 6.225 x 10“^  (ohm*4 ).
Measured 
Condy. Km. 
(ohm*4-).
Concr% Co. 
(Normal).
Equilibrium 
Concr% (g , 
(Normal).
2? 3cm /cm
“ Gi 
ionfr/cm2.
9.5083 x 10"6 3.085 x 10~5 1.412*1 x 10*”6 488 3.641 x 1013
1.6274 x 10”*5 8.036 x 10"5 7.228 . x 10“6 485 9.104 x 10 13
3.0195 x 10“5 1.549 x 10"4 2.032 x 10~5 480 1.691 x 1014
6.3299 x 10"5 2.782 x 10*4 5.093 x 10”*5 472 2.902 x 1014
1.0545 x 10-4 4.273 x Kf4 8.933 x 10“* 463 4.400 x 1014
5.0403 x 10”4 1.799 x 10“ 3 4.519 x 10*”4 460 1.765 x 1015
99.
Diffuse Layer Data.
Table 20. Silver / Potassium Chloride
Equilibm. 
Cone. N.
“k+
/ 2xs. ions/cm.
D
nCl“
/ 2xs. ions/cm.
C
mv.
<51 j
e.s.u./cm ;
2 x 1(T5 
5 x 1CT5
2.160 x 1011 
3.192 x 1011
- 1.050 x 1011
- 1.438 x 1011
44.2
41.0
155 }
221
1 x l(f4 4.428 x 1011 - 1.977 x 1011 39.3 299
2 x lCf4 
5 x 10~4
4.980 x 1011 
6.732 x 1011
- 2.540 x 1011
- 3,712 x 1011
36.7
30.6
375
507
1 x 1CT3
2 x 10“3
8.714 x 1011 
I.O96 x 1012
- 4.994 x 1011
- 6.150 x 1011
28.7
26,4
660
820
Table 21. Silver / Hydrochloric Acid.
Equilibm.
Conc.N.
DnH+
/ 2xs. ions/cm.
D
nci~
/ 2xs. 10ns/cm.
C
mv.
s i 2
e. s.u./cm.
2 x 1(T5 1.377 x 1011 - 7.207 x 1010 31.0 105
5 x 10~5 I.814 x 1011 - 1.071 x 1011 27.1 138
1 x lCf4 1.633 x 1011 - 1.133 x 1011 18.8 133
2 x 10"4 2.110 x 1011 - 1.595 x 1011 17.3 173
5 x 10”4 2.692 x 1011 -2.043 x 1011 14.5 230
7.5x 10“4 
9.Ox 10"4• . . i
2.984 x 1011
3.048 x 1011
- 2.312 x 1011
- 233^9 x 1011
13.2
12.4
251
258
. t
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T A B L E  22.
h&l KC1 interface.
Composition of Fixed Layer and Adsorption Energies.
Equilitffi. 
Cone. N.
Pn
. +/ 2 ions/cm •
Pn
• / 2 ions/cm.
V
K.cals.
EC1~
K.cals.
2 x 10~5 6.774 x 1012 7.095 x 1012 -5.45 -3.44
5 x 10“^ I.068 x 1013 1.114 x 1013 -5.65 -3.78
1 x 10"4 1.337 x 1013 1.400 x 1013 -5.89 -4.11
2 x 104 1.570 x 1013 I.636 x 1013 -6.14 - 4.42
5 x 10"4 1.863 x 1013 1.967 x 1013 -6.44 -5.00
1 x 10~3 2.053 x 1013 2.180 x 1013 -6.75 -5.39
2 x 10~3 2.230 x 1013 2.402 x 1013 -7.05 -5.81
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T A B L E
Ag. / HC1 interface.
Composition of Fixed layer and Adsorption Energies,
Eqnilibirn 
Cone. N.
Fv
ions/ ti/cm.
Cl- /
ions/cm..
V
K.cals,
Ec r
K.cals.
2 x 10
-^55 x 10
1 x 10-4
2 x 10-4
5 x 10'-4
7.5 x 10-4
9,0 x 10'-4
1.709 x 1014
2.930 x 1014
4.908 x 1014
9.077 x 1014
2.061 x 1015
5.250 x 1015 5.250 x 10
1.712 x 1014
2.932 x 1014
4.910 x 1014
9.079 x 1014
2.061 x 103
3.600 x 1015 4 3.600 x 101 5
45
-3.23
-3 .37
-3*28
-3.29
-3.28
-3.16
-3.04
-1.80
-2.12
-2.41
-2.49
-2.6 2
-2.5 6
-2.45
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2). DISCUSSION. |
j
i
The conductimetric data concerning the adsorption at a silver surface j 
could hot be analysed as fully as was the case with the gold surface , where the j
i,
initial rise in conductivity due to the addition of metal powder, could be
attributed to a desorption of HC1 from the surface. Initial experiments (Section 3)
had shown that after an adsorption run in HC1, desorption did take place to some
extent, the relative amounts ad,sorbed from the surface increasing as the solution
was diluted. However in the case of silver , very little desorption of HC1
occurred^(l%)} and in dilute solution (<5 x lCf^ N.) the adsorption appears to be j
completely irreversible.
The initial rise in conductivity, upon the addition of silver
powder, took place relatively quickly (approximately two hour|s ) and the equilibria
-urn conductivity value was not much greater than that recorded just after the
addition of silver powder. Moreover the initial effect was never as great as that
caused by gold powder, and if interpreted in terms of concentration of acid (HCl),
-6would- not be greater than 5 x 10 N. It was also observed when freshly prepared 
silver , cleaned in ammonia solution and organic solvents, was used although this 
specimen had never been in contact with acid solution. In view of these facts it is 
not likely that the original conductivity was due to desorbed acid but, as stated 
previously , to colloidal silver with hydrogen gegenions. Since Mitchell (3b) had 
shown that this initial rise in conductivity could be treated as a solvent correctic 
— n the conductimetric data was analysed as described in this Section(paragraph 1.
As in the case of a gold surface , the adsorption of HCl by silver is of
i
a different nature to that of KC1. The table below compares the relative amounts |
of adsorption of HCl and KC1 per sq. cm. of silver surface, in the electrical j
'  i
double layer. j
COFC. (N). HCl (ions/sq.cm.) KC1 (ions/sq.cm.) HCl/kd
2 x 10”5 2 x 1014 128.0 x 10 * 25
1 x 10"4 6.0 x 1014 1.20 x 1013 50
—4.
5 x 10^ 2.06 x 1015 1,93 x 1013 107
7.5 x 1CT4 3.60 x 1015 . 2,07 x 1013 174
The ratio of adsorbed ions from HCl to that from KC1 increases greatly
as the equilibrium concentration of electrolyte is increased. In fact the ratio 
doubles as the concentration increases by a factor of 5« This ratio is approxim­
ately 20 times larger than the corresponding one recorded for adsorption at the 
gold surface.
It appears that multi-layer adsorption of HCl is taking place at the 
silver surface. This is clearly indicated in the type of adsorption isotherm 
obtained by plottingagainst log (page 103), the adsorption increasing in an 
exponential manner. Assuming that the combined area of the H+ion and the Cl ion is 
16.6 A . in the adsorbed layer , a mono layer will be formed whenc< is approximately 
6.0 x 10^4ions/cm? This occurs at an equilibrium concentration of 2.0 x 10"’4N.HC1 
which is also approximately the position where the exponential increase on the 
adsorption isotherm begins.
The adsorption of KC1 is very small , being only one third of that 
adsorbed by a gold surface. This again signifies the importance of the cation in 
the adsorption process; due to the greater adsorption of the H ion , the electrical 
potential in the double layer will decrease and will usually be lower than in the 
case of KC1 solution • Because of the lower electric repulsion it will then be 
possible for more chloride ion to be adsorbed.
The adsorption energies of the potassium and chloride ions at the silver 
surface change with concentration in a characteristic manner, becoming more
negative as the concentration increases and tending to a limiting value at infinite
dilution. These values differ considerably from the corresponding ones for the
Ag/HCl interface, being K.cals more negative than E^ + even in dilute
solutions# At higher concentrations the difference becomes 3K.cals. Up to 1 x 10%
concentration , ®ci”(KCl) ^  K.cals more negative than hut h^e
difference becomes larger as the equilibrium concentration increases. These facts
can be attributed to the much larger adsorption of HCl which becomes increasingly
greater as the concentration increases. The large difference in E^- with respect
E Fto the two interfaces is due to the fact that K^Cl* conhribution of
ions to the fixed layer from HCl being comparable to that of solvent molecules 
even for very dilute solutions of electrolyte and becoming more so as C_ increases. 
The uncharacteristic shape of the E^ * & ®ci"" ^  curves which tend to
diminish for the Ag/HCl case, becoming less negative past a concentration 1 x 10*~%v 
is also due to the multi-layer nature of the adsorption in this case.
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A STUDY
P A R T  2.
ADSORPTION AT THE METAL / SOLUTION INTERFACE 
THE MICRO-ELECTROPHORETIC TECHNIQUE.
S E C T  ION 1.
INTRODUCTION.
USING
{
INTRODUCTION
When an electric field is applied to a colloidal solution, 
in many cases the particles are observed to migrate to one of the electrodes.
This phenomenon, described in 1861 by Quincke, is termed cataphoresis or more 
generally electrophoresis.
In 1879 Helmoltz presented a theory of electrokinetic phenomena 
in which he pointed out that the electrophoretic velocity of a colloidal particle 
is proportional to the ”Zeta Potential” and not to the charge on the colloidal 
particle (44 ).
The derivation of Helmoltz was extended by Smoluchowski without 
essentially altering the final result. He derived the electrophoresis equation 
by assuming that electrophoresis was the reverse phenomena of electro -osmosis 
so that for relative motion of liquid, the same equation applies to both 
phenomena (45 ).
The derivation of Smoluchowski ’ s equation,
V = H 8  .....................  (I .1)
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where D = Dielectric constant
E = Applied Electric Field 
n. = Viscosity of the solution 
£  = Zeta Potential 
V = Electrophoretic Velocity 
is given in most standard texts on Colloid Chemistry and will not be repeated 
here.
The assumptions that he made in his derivation were:-
(a) Dimensions of the particles were so large that the radius of
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curvature at any point of the surface was large compared with the extension 
of the double layer.
(b) The particles were considered to be non-conducting.
(c) The electrical conductance, D and of the liquid were assumed 
to have the same value in the double layer as in the bulk of the liquid.
(d) The applied electric field is additively superimposed upon the 
field of the double layer.
Debye & Huckel ( 3 ) applied the method of calculation, as used
i
in the theory of strong electrolytes, to colloidal particles. ^hey confirmed 
Smoluchowski1s equation, except for the factor l/4, which should only have 
this value for a cylindrical particle migrating with its axis parallel to the 
field, whereas for other forms, the factor should have another value. For a
spherical particle Huckel derived a factor l/6 ( 46 ).
Since Debye & Huckel used the same assumptions as Smoluchowski
there was a contradiction, remaining unsolved for several years, until Henry,
in a renewed analysis of the whole problem reconciled the two views ( 47 ).
i|
The difference between the two concepts was to be found in the
1!
! i
geometry of the applied field. Whereas Smoluchowski considered the particle j
as an insulator and took into account the deformation of the applied field by 
the particle, Huckel assumed that the value and the direction of the applied fielc 
had the same value throughout the whole of the system. This conception was 
quite justified in the case of the electrolytic solutions, because there the 
extension of the double layer was so much larger than the dimensions of the 
ions that the deformation was without influence upon the electrophoretic 
retardation.
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In colloidal systems however, the deformation of the lines of
force due to the relatively large size of the particles has to be taken into 
account; this results in a rather smaller value of the electrophoretic 
retarding force, hence Smoluchowski’s value for the electrophoretic velocity 
is larger than Huckel’s.
particle (i.e., to that of spherical particles and cylinders with their axes 
parallel and perpendicular to the applied field), worked out an electrophoresis 
equation for any ratio between the thickness of the double layer and the 
dimensions of the particle.
Without any further approximations he derived the following 
equation for the electrophoretic velocity of a spherical particle of radius "a".
in which Ka gives the ratio between the extension of the double layer 1_ and
shows that the deformation of the applied field is strongly dependent upon the 
electrical conductance of the particle^. He showed that this deformation, and 
its influence upon the electrophoretic velocity is determined by the ratio of the 
electrical conductivities of the particle and the surrounding liquid.
proportionality factor becomes independent of the shape and size of the
particle f^ • When Ka is less than 1 the proportionality factor is 
4
Henry, restricting his analysis to certain specified forms of the
K
the radius of the sphere na,r.
In fig. 3A Henry’s equation is represented graphically; it
We see from the diagram that when Ka becomes large (>* 100), the
112*
dependent upon the shape and for spheres f-Hr 1.... ,
(b) INFLUENCE OF DEFORMATION OF THE DOUBLE LAYER UPON ELECTROPHORESIS 
1. RELAXATION EFFECT
The assumption that the electric field due to the double layer 
and the externally applied field may be simply superimposed upon each other 
is not strictly correct.
having opposite signs of charge move in different directions, disturbing the 
original symmetry of the double layer. This symmetry is restored by 
diffusion and electrical conductance; the time taken for this restoration is 
called the time of relaxation and as a result, the outer part of the double 
layer lags behind the particle, retarding the electrophoretic motion.
Overbeek (49 ) have independently derived such equations which agree on the 
main points.
Overbeek*s equation for the velocity in unsymmetrical
electrolytes is
ions, and the remaining symbols have the same representation as given earlier.
For instance, the particle and the part of the double layer
Several attempts have been made to devise an electrophoretic 
equation which took into consideration this effect. Recently Booth (48 ) and
where A ^ are the frictional coefficients of the + ve. and ~ve
To illustrate the total influence of the correction of Henry and
the relaxation effect upon the electrophoretic velocity, fig. 3 B
has been drawn illustrating the variation of 6K V) V with Ka. in
E D
unsymmetrical electrolytes when e_g a 2, or T? is approximately 50 mv.
kT
It is conspicuous that the correction for relaxation is 
largest for intermediate values of Ka. which are of the order of 5 - 10.
Since the corrections are proportional to the second and 
higher powers of ^  , they tend to zero for small values of . With
increasing potentials and increasing valency of the ions, the corrections 
increase rapidly. But for monovalent electrolytes and ^  potentials smaller 
than 25 mv., the relaxation effect is small for any value of Ka. and the 
corrections to Henry’s equation never exceed 5^ ,
In this investigation the normal Henry equation I. 2. was 
used to calculate the electrokinetic potential for suspensions containing 
uni-univalent electrolytes, where the correction for the relaxation effect 
would not exceed ifo when the ionic concentration was y 5 x 10*~^ N, In the
case of suspensions of BaCl^  and LaCl^  when the ionic concentration was
O-0 ^N., the Overbeek equation 13. was used to calculate ^  •
2, SURFACE CONDUCTIVITY
Due to the existence of an electrical double layer at the 
solutior/solid interface, there is a higher concentration of ions near the 
phase boundary than in the bulk of the solution. As a consequence, there will
be a tendency for a higher conductance to exist in proximity to the surface, and
the magnitude of this surface conductance will be dependent upon the charge on 
the double layer and the mobility of the ions concerned.
There is also an electro-osmotic contribution to this surface
FIG. 3.
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conductance, resulting from the unequal number of oppositely charged ions 
in the electrical double layer.
The surface conductance will modify the electrophoretic 
velocity in two ways:
applied field in the liquid as a whole,
(b) by altering the field and hence the fluid motion within the 
electrical double layer it will modify the stresses exerted 
on the particle by the fluid in immediate contact with it.
In a recent analysis, Booth (50 ) and Henry ( 51 ) have
shown that the potential calculated using the Henry equation given on page m .
Xs
should be multiplied by a factor (l -ta order to correct for the surface
K
conductivity effect,
where X s = surface conductivity (ohms
The theory of surface conductivity has been worked out by 
several authors ( 52 ) and the following expression has been derived for the 
surface conductance>
(a) it will alter the form of the potential distribution of the
= conductivity of solution (ohms c^m. )^, 
a = radius of particle (cm.)
(1.4)
where P = Faraday (Coulombs.)
L, , = mobility of the cation and anion respectively+
C = concentration in mol, cm.
and the remaining symbols have the same representation as before,
(c) DETERMINATION OP CHARGE DENSITY
The charge density 0^ * ^ e.s,u./cm. at the interface wasx v 2' , # ,^
calculated using the equation
i(y _ /
2 v/ 2 7i
(1.5)
where the symbols have the same meaning as given previously.
This equation applies strictly to an infinite pl^ ne
interface; the approximations, used in its derivation are such that its
validity is weakest for high potentials i.e. ( z£ > —  X 25 mv.),^ e
The corresponding equation for a spherical double layer has 
been derived and it has been shown that when Ka >  1 the relation between the 
surface charge and potential becomes identical with the one above.
Muller (53) has considered the electric potential function 
around spherical particles for larger values of the potential (*>25 nrv.).
His results indicated that for Ka >  1 and for potentials of the order of 
magnitude found in this work, the values of <5T^  calculated from the exact 
relationship for a plane interface would differ only slightly from those 
calculated using the equation for the spherical case.
The condition of electroneutrality over the whole of the 
electrical double layer (see page 4) is such that the charge density on the 
solution side of the slipping plane (-<S~2 ) is eclual ^  opposite to the 
overall excess charge density on the particle side of this plane. This 
quantity  ^ e,s,u./cm, corresponds physically to the number x valence of
2
ions of one sign per cm . in excess of that of ions of opposite sign within 
the distance of the slipping plane from the solid surface, and therefore 
changes in <5““ t> are a measure of net ion adsorption or desorption at the 
interface.
(d) APPLICATION OF ELECTROKIOIIESIS TO HETAh-CCLLOIp SYSTEMS
It was considered that the theory of electrophoresis might 
not be applicable to conducting particles since the current in the metal is 
carried by electrons, whereas in the electrolyte it is carried by ions; it 
follows that some form of charge transfer, involving neutralisation of ions, 
must take place at the solid/liquid interface.
Thus the assumptions involving the boundary conditions 
embodied in the theory of electrophoresis would no longer hold, since these 
conditions would depend very closely upon the nature of the chemical changes 
accompanying the transfer of charge from electrolyte to metal and vice versa,.
However it appears that metals often behave effectively as 
non-conductors in electrophoresis, since the mobilities of colloidal metal 
particles are usually of the same order of magnitude as those of non-conducting 
particles. ( 28 ) ( 54 )•
If Henry’s theory applied strictly, the mobilities would be 
extremely small since the conductivity of the metal would be large compared 
with that of the electrolyte.
The absence of conduction may be due to a thin layer of 
non-conducting material between the metal and the electrolyte or a consequence 
of polarisation effects at the metal/solution interface ( 4? ) ( 55 ) ( 56 ). 
Kruyt ( 57 ) suggests that a polarisation tension of a few micro-volts would
118,
be sufficient to stop any further passage of electricity through the particle. 
Consequently the particle behaves as an insulator and the electrophoretic velocity 
should be calculated using the Henry equation, assuming that the electrical 
conductivity ot the particles is zero*.
The aim of the present work was to investigate further the ' i j
application of this technique to metallic colloid systems, namely gold and 
silver suspensions. Particular attention would be paid to:
(a) the derivation of the eleotrokinetio potential and surface charge 
density, and their variation with increasing electrolyte 
concentration.
oo comparison, where possible, of these values with those recorded 
by Hurd & Hackerman (58) ( 59 ) det©mined using the streaming 
current method.
(c) determination of adsorption isotherms for the metal/solution
interface, and hence interpretation of the adsorption processes 
involved. !
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EXPERIMENTAL DETAILS
The measurement of the electrophoretic mobility of suspensions 
was carried out using an apparatus similar to that described by Alexander & 
Saggers (60 ) utilising an ultra-microscope principle of illumination, with 
the source placed vertically above the micro-electrophoresis cell and the viewing 
axis horizontal. The horizontal position of the microscope tube had the 
advantage that it permitted the cell to be quickly dismounted, and also that the 
suspension did not drop out of focus as quickly as it would have done when 
viewed by a vertical tube.
1. ELECTROPHORESIS CELL
The electrophoresis cell used in these experiments was a 
modified version of the cylindrical bore type first used by Mattson in 
1930 (61 ). The cell is shown in diagram %  •
It consists of a 20 cm. length of ’’precision bore” Pyrex tubing, 
internal diameter 3 mm., external diameter 6,5 mm., joining two electrode 
chambers A & B. The top and one side of the tube had been ground optically 
flat, reducing the thickness of the wall of the tube to \ mm, at its thinnest 
part, in order to avoid distortion of the image and to help in focusing the 
particles,
Platinum grey electrodes of large surface area were used in 
order to minimise polarization effects. These were prepared from a roll of 
pure platinum foil supplied by Johnson Matthey Ltd.; the dimensions of the 
platinum electrodes before being rolled were 4 cms, by 10 cms.
The electrodes were sealed inside ground glass stoppers, size 
B.10, thus eliminating the use of greased stoppers and hence minimising
contamination of the solution. ^hey could also be removed easily, enabling 
the cell to be cleaned thoroughly.
The electrodes were plated in a 5$ platinic acid solution 
containing a trace of sodium acetate. Utilising a reversing switch, the 
two electrodes were used alternatively as anode and cathode, whilst the 
current from two 2-volt accumulators was passed through the solution for 
5 minutes, by which time they were covered with a layer of black spongey 
platinum. They were then washed thoroughly in distilled water and allowed to 
dry before being heated to a dull red colour in a bunsen flame, care being 
taken to avoid cracking the glass seal attaching the platinum to the B.10. cone. 
The platinum surface now had a dull grey appearance.
Before plating, the complete electrode unit was cleaned with 
benzene and concentrated sulphuric acid, after which the platinum was immersed 
in boiling nitric acid for several minutes. The unit was thoroughly washed 
and left soaking in conductivity water; this cleaning treatment gave the 
platinum a surface which plated evenly. If at any time during the course of 
the experiments, the electrode surface was scratched, the grey platinum deposit 
was dissolved off in hot aqua regia and the above process repeated.
With this type of electrode it was possible to use solutions 
of ionic concentration up to 10*”^ N. without any danger of polarization taking 
place, providing that the voltage across the cell was less than 10 volts/cm. 
Electrical contact was made using mercury cups.
The electrophoresis cell was immersed in a water bath through 
which water was circulated. No attempt x*as made to thermostat the bath, since 
it is well known that temperature has only little effect upon zeta potential
(62) and. in this case, the variation in temperature was only small and did not 
usually alter during the course of an experiment.
However, the temperature of the bath was recorded with every 
"batch" of readings of the electrophoretic velocity, in order that the 
appropriate values of and D could be used when computing the zeta
potential.
The cell rested upon wooden grooves inside the water bath, and 
was made rigid by means of a spring clip, which was fastened round one of the 
electrode chambers and attached to the side of the water bath.
The water bath was fixed firmly onto a wooden platform, which 
balanced on four levelling screws, placod at its comers. By means of these 
screws the water bath, and hence the electrophoresis cell, could be raised or 
lowered in any direction. This manipulation was required in order to centre 
the electrophoresis cell properly.
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2). OPTICAL SYSTEM.
An Emil Busch microscope was used throughout the course of 
jjhese experiments. The stage and condenser system had been removed so that
the microscope body, containing the eyepiece and the objective lens, could be
set in a horizontal position. The body, large in diameter, was fitted with 
a draw tube engraved in divisions to show the tube length. It could be moved 
along a horizontal axis by means of the ucoarse" adjustment, working on a rack 
and pinion device. The fine adjustment (focusing motion) was of the spring 
lever type, the controls for the motion being engraved in divisions 0-50.
The construction of the optical system of the microscope was 
determined by three factors, the total magnification of the system, the working 
distance and the depth of focus of the objective lens.
The working distance, which is only a fraction of the focal length 
of the objective, can be defined as the distance between the front part of the 
objective lens and the object when the latter is in focus. In these 
experiments the working distance had to be greater than the distance from the 
inside of the cover-slip (see n&xt page ) to the "zero level" in the
electrophoresis cell, usually about 1*4 mm.
The depth of focus or penetration is the capability of an
\
objective to sharply reveal a number of planes of the object simultaneously; 
it is in inverse ratio to the numerical aperture of the lens. The nature
of these experiments was such that it was desirable to focus on one plane only 
in the electrophoresis cell, thus as small a depth of focus as possible was 
required.
The total magnification of the optical system depends upon the
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individual magnification of the eyepiece and objective lens together with 
the tube length.
Two types of optical system were finally used.
(a) y" objective (magnification = 14), working distance 1*6 mm.
numerical aperture (N.A.) = 0.5.
Telaugic eyepiece (magnification = 20), tube length = 160 mm.
Total magnification = 300.
(b) 2h" objective (magnification = 10), ¥. D. = 6,5 mm. N.A. = 0.3.
Telaugic Eyepiece (magnification = 20), tube length = 190 mm.
Total magnification = 255.
A small brass tube, covered at one end with a glass cover slip, 
was fitted into the side of the water tank in order that the electrophoresis 
cell could be viewed through the microscope from the outside of the tank. Due 
to the small working distance of the y " objective used, the cell had to be 
arranged so that its optical wall was as close as possible to the cover slip 
without actually touching it. The inside wall of the electrophoresis cell 
could then be brought into focus, utilising the coarse and fine adjustments 
on the microscope.
The Telaugic eyepiece contained a cross-lined graticule (see 
diagram 6 ) by means of which the velocity of the colloidal particles 
could be measured. The size of the squares on the graticule had to be 
calibrated for each particular optical arrangement of the microscope, using a 
stage micrometer slide. With the optical arrangement designated in (a) the 
side of each square on the graticule represented a distance of 40^ jU- in the 
electrophoresis cell and 47 /ul in the case of (b).
The fine-adjustment on the microscope was calibrated by measuring the
thickness of a microscope slide. This was done by focusing on a scratch
on either side of the slide in turn, using the fine-adjustment only. The
thickness of the slide was then measured using a screw micrometer, which was 
-4accurate to 10 cm. This was repeated several times and the average reading 
taken. In this way, it was observed that one revolution of the fine- 
adjustment control moved the optical system .231 mm. in a horizontal direction.
The electrophoresis cell was illuminated from above by a 
Swift’s microscope lamp. This consisted of a 6 volt, 26 watt bulb mounted 
in a metal hood, in front of which was a condenser system containing an iris 
diaphragm, a filter holder and a focusing system. The lamp was so arranged 
that any plane within the cell could be sharply illuminated. The circulating 
water surrounding the cell acted as a filter for the heat rays, thus minimising 
the convection currents inside the cell,
A transformer unit was built into the base of the lamp in order 
that it could be run off the mains A.C. supply.
oooOooo
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3). ELECTRIC CIRCUIT.
The electrical circuit by means of which a potential was 
applied across the electrodes in the electrophoresis cell, is shown in fig. l\..
The D.C, potential was supplied by two radio H.T. batteries 
connected in series, and capable of producing 240 volts. C was a 10 £w 
radio potentiometer, which was used to vary the applied voltage as required.
The D.C. voltmeter (capable of registering 150 volts), placed 
in parallel with the electrodes, recorded the voltage drop across the 
electrophoresis cell. This reading was not affected when the polarity of the 
electrodes was changed using the reversing switch E,
The potential supplied to the cell, was usually sufficient 
to give a voltage gradient of 5-7 volts/cm. in the electrophoresis cell. A 
higher voltage gradient was avoided because this lowers the upper limit of 
concentration of electrolyte that one can use, without using non-polarisable 
electrodes. There is the possibility that with voltage gradients in the order 
of 10 volts/cm. passing through solutions of electrolytic concentration > lCT^ N 
gas evolution would take place at the electrodes, causing displacement of the 
liquid.
Abramson (”6-3 ) does not consider it sufficient to ascertain 
the voltage gradient from the total voltage drop across the cell, since this 
involves the assumption that the voltage gradient is linear throughout the 
electrophoresis cell. He determines it from a knowledge of the specific 
conductivity of the suspension, and the current passing through the cell.
However, many workers (e.g. (64) (65)have determined the 
potential gradient by both methods, simultaneously, and have been unable to
FIG. 4.
ELECTRICAL CIRCUIT
CELL
ELECTROPHORESIS CELL.
detect any discrepancies. Thus throughout the course of the present 
experiments, the voltage gradient (v) has been calculated from the 
expression
where P = potential recorded by the voltmeter
1 = distance between the electrodes 21.7 cms.
000O000
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4). MATERIALS.
SILVER
The silver particles were prepared as described earlier (page 29 ) 
the smaller colloidal particles, approximately 5ym in diameter, being 
separated from the larger size by decantation. The suspension was thoroughly 
washed in conductivity water several times, before being treated with dilute 
ammonia solution. It was finally washed six times with conductivity water by 
successive centrifuging and resu3pension. The stock solution was contained 
in a 50 cc, graduated flask from which dilute suspensions were prepared by 
adding 1 cc, to 99 cc, sample of the electrolyte to be examined.
There was no evidence of changes in the properties of the stock 
solution with age, but they were always used not less than 48 hours after 
preparation and not more than 10 days from that date,
GOLD
A quantity of '’colloidal” gold, particle size approximately 2j-\. 
in diameter, was separated from the sample provided by Johnson Matthey & Co. Ltd, 
No attempt was made to prepare a fresh sample by reprecipitation;since such a 
surface might differ considerably from that which had been used in earlier 
experiments (Part I )•
The sample was washed continuously in successive changes of 
conductivity water for a period of several days, before being transferred to a 
100 cc. graduated flask containing conductivity water, which was subsequently 
changed every 48 hours. Dilute suspensions were prepared from this stock 
suspension as described above.
The dilute suspensions were shaken for one hour before
electrophoretic examination; however there was no evidence of any change 
in the properties of the solution on ageing.
ELECTROLYTES
HC1 and KC1
Stock solutions of these electrolytes were prepared as 
described earlier. (Part I Section 2).
BaCl2. 2H20.
Analar BaCl^ . 2H20 was recrystallised several times from 
conductivity water and dried in a vacuum desiccator.
LaCl 7H 0.
 2.—
A pure sample of hydrated Lanthanum chloride was supplied by
British Drug Houses Ltd. Being so hygroscopic it was stored in a vacuum
desiccator. An approximately N/lO solution was made up by weight and the
metal estimated volumetrically using E.D.T.A. (di-sodium salt of ethylene
diamine tetra acetic acid) at a pH of 10.4. The E.D.T.A. was back titrated
against a standard ZnSO solution, Erichrome Black being used as indicator.
4
NaOH
A sample of pure (C02 free) NaOH was supplied by Dr, R. H. Jones 
of this laboratory. It had been prepared by reacting pure sodium metal with 
conductivity water in a vacuum desiccator, and was stored in a pure nickel flask.
The resulting solution was standardised against a solution of
HC1.
oooOooo
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5.) PARTICLE SIZE ANALYSIS.
The particle size analysis of the silver suspensions was 
carried out using a microscopic technique. A Swift1s binocular microscope, 
fitted with a X 12 eyepiece and a l/6” objective, was used. The illumination 
used was a transmitted or "bright” field illumination, achieved by using an 
optical light, and the microscope plane mirror augmented with a substage 
condenser.
The samples for sizing were obtained using a micro-pipette for 
transferring several drops of the suspension to a microscope slide. The whole 
field of the slide was viewed in transverse steps, each traverse being carried 
out at 2 mm. distances.
The dimensions of the particles were determined by using an 
ocular micrometer graticule as in fig. 5* (a modified Pair's graticule).
This consists of a rectangle, 200 x 100 units with numbered circles ranging from
9
J2 units to (J2 ) units in diameter. The right hand half of the rectangle 
was the portion used, where a number of vertical lines were drawn. The 
distance of these lines from the centre line of the rectangle increased by a 
progression. Each line was numbered according to the appropriate power of
Jz so that the line on the extreme right numbered 13, was C/2 ) units from
the centre line.
The traverses were made within the width of the graticule 
rectangle, any particles touching the upper boundary of the rectangle being 
counted, whilst any touching the lower boundary were discarded. The particles 
were sized according to numbered groups; thus a particle lying between the
lines 9 and 10 would be designated in the size range 9.
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Since the particles were not truly spherical, the Martin's 
diameter was measured, this being defined as the distance between opposite 
sides of the particle, measured in a horizontal cross-wise direction, and on 
a line bisecting the projected area (see diagram 7 )•
The use of this diameter was based on the hypothesis that 
although the smallest dimension of some-particles and the largest dimensions 
of others may be determined, the resulting error tends to be compensating when 
sufficient particles are measured.
The results obtained in this way were analysed as shown in
Table 2-^ f in order to obtain the arithmetical mean diameter. The relative
frequency f was calculated using the expression c
fc
^  r'Unbeing the number of particles counted in one group and Vnrv. the total
number of particles counted.
The arithmetic mean was given by the summation of the products
f d., d being the diameter corresponding to each graticule number, c
The colloidal gold particles were too small to size accurately 
using ordinary optical methods, so an electron-microscope technique was used.
Electron micrographs of the gold suspension were taken at a 
magnification of ){ 2,500, using a Phillips E.M. 100 instrument, the colloidal 
gold solution being evaporated down onto Formvar coated grids. Photographic 
enlargement of the micrographs, showed that the average diameter of the 
particles was
My thanks are due to Mrs. A. Peace for assistance with the 
micro’sc'opic counts and to Dr*. S. Bullivant of St. Mary's Medical School (London )
for carrying out the electron microscope work.
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FIG. 7
%
ILLUSTRATION OF MARTINS DIAMETERS
^
TABLE 24.
"TYPICAL CALCULATION OF AN ARITHMETIC MEM 
FOR THE MICROSCOPIC SIZING OF A 
COLLOIDAL SILVER SUSPENSION"
Graticule
No.
Diameter
(microns)
No.
Counted
U c
2 *
f ,d.c
4 1.80 15 .1180 .212
5 2.55 21 .1654 .4218
6 5.60 30 .2342 .843
7 5.09 21 .1654 CD •F* ro
8 7.20 12 .0945 .680
9 10.2 11 ,0866 .883
10 14.4 7 .0551 .793
11 20.4 5 .0394 00 o -p*
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£f0.a.
= 5.48
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A STUDY OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE MICROELBCTROPHORETIC TECHNIQUE.
S E C T I O N  3..
PRELIMINARY EXPERIMENTS.
lt) Electro-osmotic Effect.
2.) Location of the Stationary Layer.
3.) Experimental Technique.
4.) Correction for (a). Surface Conduction.
(b). Relaxation Effect.
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1. ELECTRO-OSMOTIC EFFECT
Due to the surface charge on the Pyrex surface of the
I
electrophoresis cell, an electrical double layer exists at the boundary 
between the glass wall and the liquid inside the cell.
Thus when an electric field is applied across the ends of
the tube an electro—osmotic movement of the liquid occurs along the cell wall* j
. i
If the cell is closed, there can be no resultant transfer of liquid; hence |
there must be a return flow down the centre of the tube in the opposite direction ! 
to the electro—osmotic flow. Somewhere between the axis and the wall of the 
tube the electro—osmotic and return flow will just balance each other and there 
will be a stationary layer of liquid, At such levels only can the true 
electrophoretic velocity of the suspensions be observed. i
Mattson ( 61 ) has shown how the position of such stationary 
layers can be calculated for a cell having a cylindrical bore. He found that
they occurred at a distance .707 x radius from the axis of the tube. j
h
Pig. 8 illustrates the variation of the observed velocity of 
migration of particles in a gold suspension in conductivity water, at different 
depths of the cell. The velocity is a maximum at the axis of the cell, as 
would be expected.
'j
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2. LOCATION OF THE STATIONARY LEVEL
In order to make the necessary allowance for electro-osmotic 
flow, it is essential to know with, precision the level within the cell at which 
velocity measurements are made, or alternatively to make all measurements in 
the zone of zero osmotic flow.
Two methods are available for locating the level of 
observation: (a) the relative position of the cell and the illuminating
beam is so adjusted that the desired level alone is illuminated, (b) the 
viewing objective is so set that only the required level is in focus.
Either method involves certain complications when employing 
a cylindrical bore cell because the glass walls form a plano-concave 
cylindrical lens, separating the air from the experimental solution, which 
refracts both the illuminating beam and the viewing beam.
Buswell & Larson (66 ) have pointed out the difficulty which 
of
arises when the first method (a^locating the level is adopted; they showed 
that the illuminating beam had to enter the cell not 0.293a* but 0.377a
below the highest point of the cylindrical bore (radius a ).
Henry ( 67 ) has shown that the actual point of focus of the 
objective and the focus point of the same objective in air are related by the 
equation:
= _ 3 _ - + (u2 - ia3).
P“ Uok/ug q - k
where u-^ , are respectively the refractive indices of air, the
cell material and the liquid, 
k^a = the thickness of the glass wall at its thinnest point.
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pa and qa are respectively the distances from the outside wall to 
the position of the focal points,in air and in fact, 
a = the radius of the cylindrical bore.
Using this formula it is possible to calculate the distance 
that one has to "rack in" the microscope tube from the inner or outer wall of 
the electrophoresis cell, in order to locate the stationary level. This 
latter method was used during the course of the following experiments.
The radius of the tube was determined by measuring the 
length of a column of a known weight of mercury in the capillary and found to 
be 1.505 mm.; u^ was taken as 1.515 and- as 1,542; the thickness of the wall 
was 0,66 mm, Using this data w© calculated that th© stationary level lay at 
a "corrected" distance 0,544 mm, from th© inside wall of the cell.
000O000
5. EXPERIMENTAL TECHNIQUE
The electrophoresis cell was cleaned using benzene and 
concentrated sulphuric acid, and washed thoroughly with distilled water before 
being left to soak in conductivity water for several hours. Before an
experiment the cell, together with the electrodes, was rinsed several times with 
a few c.c.s of the suspension to be used in the electrophoretic examination.
After the cell had been filled with the suspension, the tap 
was closed and the electrodes were fitted into the chambers A & B, ensuring that 
there were no air bubbles trapped in the cell. It was then placed in the 
water bath and made rigid as described earlier.
A low power objective lens and a X 6 eyepiece, containing an 
eyepiece graticule, were fitted into the microscope tube; this low 
magnification optical system was used to centre the cell, so that the optical 
system was in the horizontal plane normal to the optical face of the cell and 
passing through the cell axis. The necessary adjustments could be made using 
the balancing screws placed at the corners of the platform, upon which rested 
the water bath.
Two methods were used to measure the velocity of the particles,
(a) The microscope was focused on scratches on the inside wall of the 
electrophoretic cell and, using the fine adjustment only, the microscope barrel 
was moved the necessary distance required to bring the stationary layer into 
focus. The illuminating source was then adjusted in order that the particles 
could be observed. The electric field, applied across the ends of the cell, 
was reversed at frequent intervals using the reversing switch E (fig. 4 )•
Using the eyepiece graticule, the mobility of about 40 particles
was recorded in both directions, in order to correct for any movement due to 
convection currents inside the cell. The mean of these mobilities was taken 
as the true electrophoretic mobility of the suspension.
(b) By measuring the velocity of particles at different depths inside 
the cell, a velocity/depth graph could be drawn. The electrophoretic 
mobility of the suspension, at a depth corresponding to the "stationary layer" 
could then be interpolated.
The latter method was only used when the particles tended to 
drop out of focus rather quickly, due to the low mobility of the suspension. 
The first method was the less tedious of the two, but experimentally they 
both gave the same results.
000O000
4. (a) CORRECTION FOR SURFACE CONDUCTANCE.
The effect of surface conductance on the electrophoretic 
velocity of charged particles has been mentioned in Section I. Booth & Henry 
have shown theoretically that it would have the effect of lowering the mobility 
of a particle by a factor
1 + Xs/A.a
the symbols having the same representation as given earlier (page 115 )
In an attempt to investigate the importance ...
of the surface conductance in the cases investigated here, theoretical values
of X  have been calculated for the Au/KCl, Au/hC1, Ag/KCl and Ag/HCl s
interfaces, using the equation of Urban and co-workers given on page 115.
Table 26 records the potential as calculated from electrophoretic measure­
ments using the normal Henry equation, X  the specific conductivity of the 
solution, Xs>/X. a the correcting factor and ^ the corrected
electrokinetic potential, for the metal/HCl system. Table 25 records 
similar values for the metal/KCl system.
In both instances the corrections are larger for colloidal 
gold suspensions than they are for the colloidal silver suspensions due to the 
smaller average size of the gold particles ( a/ 2u in diameter) compared with 
a^6u for the average diameter of the silver particles. Although the 
calculated \  is greater in the case of the hydrochloric acid solutions, dues
to the large ionic mobility of the H’, the corrections to Sr are generally-   €
larger in the case of KC1 suspensions because the bulk conductivity is much less 
than that of the hydrochloric acid suspensions. For gold suspensions a 10$ 
correction is necessary at concentrations of 10” N^. and about 2$ at with
silver the corresponding corrections amount to '-'■'4$ and less than 1$.
The above corrections are largest where the accuracy of the
-6 -5original potential is in most doubt i.e. in the range 10 N to 10 N. where
Ka is rather small 100). In this range Henry’s extrapolation for ’l/f1
is least accurate. It was not necessary to apply the correction for solutions
' -4
where the ionic concentration was 10 N,
(b) CORRECTION FOR "RELAXATION EFFECT”
As described earlier, Section. I, the effect of relaxation 
upon the electrophoretic mobility of particles in uni-univalent electrolytes 
is very small especially when the ^  potentials are of the order of magnitude 
recorded in this investigation. Accordingly no correction has been applied in 
this case. The correction becomes increasingly important as the valency of 
the counter ion in the diffuse layer increases and as Ka decreases so that it 
has been necessary to investigate the magnitude of this correction in the case 
of BaCl^  and LaCl^  suspensions.
Table 27 gives the Henry factor (l/f) and the calculated 
potential for Ag and Au suspensions in BaCl^  and LaCl^  before and after 
correction for the relaxation effect using equation I 2>, Again it is seen 
that the corrections are largest in the case of Au suspensions and for the more
dilute solutions, but in both cases the correction becomes negligible when the
_ -5
ionic concentration is 5 x 10 N.
oooOooo
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T A B L E  2 5*
Electrokinetic Potentials Corrected for Surface Conductance 
Effects at the Metal/kCI Interface.
CONC. E. c
mv.
ohm
« id-10
K
ohm cm"" .
\ s
mv.K a
1 x 10"6 47-0 0.055 1.50 x 10 • .122 57.0
I x lCf5 44.0 0.16 1.49 x ICT6 .036 45.6
Ag.
5 x 10"5 40.5 0.30 7.42 x 10"6 .013 41.0
1 x 10”4 33.9 0.40 1.48 x 10"5 .009 39.3
1 x 10"6 5#*0 0.080 1.50 x 10~7 .530 81.
1 x lCf5 45.0 0.168 1.49 x 10""6 .113 50.1
Au.
5 x Kf5 41. 0.298 7.42 x 10""6 .0402 42.7
..
-41 x 10^ 37.7 0.362 1.48 x Kf5 .024
■ . ■ ■ ■— .
38.6
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T A B L E  2 6.
Electrrkinetic Potentials Corrected for Surface Conductance 
Effects at the Metal/BCl Interface.
CONG. N. c
mv.
■
X b o h m ” 1
m-10x 10 ohm
X  S
c '
nrv.VC a
1 X 10 42.0 0.27 4.26 x 10~7 ..633 68.5
1 X 10~5 25.6 0.41 4.259 x 10"6 0.096 28.1
Au. 5 x 10~5 18.0 0.57 2.125 x 10”5 0.027 18.5
1 X 10-4 14.9 0.63 4.243 x 10-5 0.015 15.1
1 X io"*6 47.0 0.31 4.260 x 10“7 0.243 58.4
1 X 10"5 37.5 0.67 4.259 x 10"6 0.052 39.5
Ag. 5 X 10”5 26.7 0.97 2.125 x 10"*5 0.015 27.1
1 X 10"4 18.6 0.85 4.243 x 10"5 0.007 18.8
TABLE 27.
CORRECTIONS FOR RELAXATION EFFECT IN 
BaCI2 x LaCl_ SUSPENSIONS
^  = corrected electrokinetic potential
3y.f1 =s corrected Henry factor
SALT
Metal
Colloid
Cone11,
Normality m.v. % Cm.v. %
10“6 54.9 5.2 67.5 6.39
Au 10-5 41.1 4.57 46.3 4.95
BaCl2
-55x10 55.1 4.23 34.2 4.37"shIO
 
•—l 29.8 4.17 30.2 '4.23
10-6 42.2 4.65 46.0 5.07
Ag 10~5 28.9 4.21 29.7 4.32
5 2 10“5 24.0 4.10 24.0 4.10
io“6 54.8 4.91 43.7 6.17
Au 10"5 22.5 4.35 23.7 4.58
LaCl^
5 x 10-5 15.7 4.16 13.8 4.17
10*"4 9.7 4.15 9.7 4.13
UD'01—1 44.0 4.65 45.0 4.77
A g LTV1O«H 11.4 4.21 U.4 4.21
A STUDY OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE MICRO-ELECTROPHORETIC TECHNIQUE.
S E C T I O N  4.
ADSORPTION BY COLLOIDAL GOLD SUSPENSIONS.
1.) Results.
2.) Discussion.
1. RESULTS
Electrophoretic velocities were measured over a wide range
of concentration (10 to lCf^ N.) as previously described in Sections II and
III. Usually the average velocity of 40 particles was taken for each
suspension studied. Although in some instances the scatter was quite large
(i 10$), the average value was reproducible to within 5$.
The electrophoretic velocities are collectively summarized in
Table 28 . The electrokinetic potentials, ^  , were calculated from
equation I. 3 allowance being made for surface conductance effects in the case
-4of HC1 and KC1 suspensions at concentration below 10 N. and for the
"relaxation effect" in the case of B&C12 and LaCl^  suspensions at concentrations 
-5below 5 x 10 N. These values are also collectively summarized in Table 29? 
as well as graphically on page 151. The corresponding charge densities 6"^  
calculated using equation I. 5 are summarized in Table 30 and graphically 
on page 153.
The data for the individual runs in KC1, HC1, Ba01o, LaCl' 2 3
and NaOH suspensions, namely l/f, the Henry correction factor, ^ Lx the 
electrophoretic mobility, ^  the electrokinetic potential and the
charge density, are given in Tables 31, 32, 33, 34, 35 Whenever possible the 
corresponding values of 7^ , determined by Hurd & Hackerman (59) using
the streaming current technique^  are given for purposes of comparison. In 
Graph 15 the electrokinetic charges at the Au/KCl, Au/BaCl  ^ and Au/Na0H 
interfaces are plotted against the cube root of the concentration.
000O000
149.
T A B L E  28,
Electrophoretic Mobilities of Gold partioles in Various
Eleotrolyte Solutions,
i
:
CONC. N.
-1 -1Electrophoretic mobility ji .sec • volt cm 
KC1. HC1. BaCl2. LaCly
•
NaOH.
1 x 10*”6 2.6C 1 .'67 3.08
■
1.90 2.75
1 x Hf5 2.51 1.51 2.55 *.33 2.77
5 x 10"5 :.5o 1.10 2*12 0.86 3.30
1 x 10”4 2.44 0.99 1.93 0.60 3.62
5 x Kf4 1*79 0.50 1.50 0.18 3.97
1 x 10“3 1.62 0.30 1.28 0.0 2.94
5 x 10~3 1.57 0.77 0.36 2.56
1 x 10*”2
.i
1.23 ----- ------- +0.52 2.51
.
[
Eleetrokinetio Potentials at the Gold/Solution Interface.
CONC, K.
Electrokinetic Potentials mvs.
■ KC1, HC1, BaCl2, LaCl3. NaOH.
m o -6 81.0 68.5 63.5 .43-7 56.0
1 x 10-5 50.1 28.1 46.3 23.7 44.9
5 x OXf5 42.7 18.5 34.2 13.8 47.9
1 x 10"4 38.6 15.1 30.2 9.7 51.0
5 x 10-4 27.2 6.8 21.5 2.8 55.0
1 x 10~3 24.1 4.3 18.3 0.0 44, 0
5 x 10~3 22.5 — 10.2 +5.5 36.8
1 x 10“2 17.6 1.0
------
+7.9 36.0
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GRAPH 13
VARIATION OF ELECTROKINETIC POTENTIAL WITH LOG C
10
AT THE GOLD /ELECTROLYTE INTERFACE
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T A B L E D.
Charge Density at the Qold/Soluti»n Interface.
CONC. N.
2Charge Density e.s.u./cm • 
KC1. HC1. BaCl2. LaCl3.
i
NaOH.
1 x 10"6 84 63 76 43 47
1 x 10“5 136 64 123 63 110
5 x io-5 232 91 193 82 266
1 x lO"4 294 106 240 85 394
5 x lO"4 446 70 379 60 990
1 x 10~3 549 94 457 0 1050
5 x 10~3 1006 578 +355 1889
1 x 10~2
.......
1255 71 +699 2638
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GRAPH It
VARIATION OF ELECTROKINETIC CHARGE WITH LOG C
10
AT THE GOLD /  ELECTROLYTE INTERFACE.
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T A B L E  3 1,
Electrokinetic Data for GoiyKC1 interface,
K ' Results recorded by Hurd & Hackerman. (59).
Cone. N. , l/f.
u , microns
-1 .,-1sec volt. cm.
i\ 
^ e.s.u./cm
C *
m.v.
1 x IQ"6 6.00 2.60 81,0 84 60
1 x 10-5 5.00 2.51 50.1 136 55
5 x 10-5 4.48 2.50 42*7 232 48
1 x 10"4 4.32 2.44 38.6 294 45
5 x 10”4 4.16 1.79 27.2 446 32
l x icf3 4.13 1.62 24.x 549 24
5 x 10~3 4.00 1.57 22.5 1006
1 x 10"2
..........
4.00 1.23 17.6 1255 
2 ..
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T A B L E  32.
Electrokinetic Data for Gol<? 41C1 interface*
Cone. N.
i
! 
!
1 
1 
1 
CM 
i
i 
>
l
u . microns
-1 -1 sec volt cm.
C
m.v. e.s.u./cm
1 X 10"6 6.00 1.67 68.5 63
1 x icf5 5.00 1.51 28.1 64
5 x 10~5 4.48 1.10 18.5 91
lx xcf4 4.32 0.99 15.1 106
5 X xo"4 4.16 0.5o 6*8 70
1 X XO"3 4.13 0.30 4.3 94
1 x XO-3 4.00
i
,r. • - .. . ■ -..r.
1.0 71
Electrokinetics Data for the Gold/Bad^ interface.
Conc.N. l/f.
ji microns
-1 . ,-1sec volt cm.
c
m.v. 2e,s.u./cm
1 x io”6 6.39 3.08 67*5 70
1 x 10~5 4.95 2.55 46.3 123
5 x 10”5 4.37 2.12 34.2 193
1 x 10"4 4.23 1.93 30.2 240
5 x 10"4 4.11 1.50 21.5 379
1 x 10~3 4.10 1.28 18.3 457
5 x 1CT3 4.00 0,77 10.2 578
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T A B L E  U.
Electrokinetic Data for the Gold/LaCl  ^interface.
C one•N • l/f.
j x  microns j 
sec"~ v^olt ^cm. j
C
m.v.
0 2  2 e.s.u./cm
1 x XO-6 6.17 1.90 43.7 43
1 x XO"5 4.58 1.33 23.7 63
5 x XO-5 4.17 0.86 13.8 82
I x 10”4 4.13 0.60 9.7 85
5 x XO"4 4.09 0.18 2.8 60
1 x XO-3 0.0 0.0 0
5 x XO-3 4.00 +0.36 +5.5 +355
X x XO-2 4.00 +0.52 +7.9 +699
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T A B L E
Electrokinetic Data for the Gold/NaOh interface, 
^  Results recorded By Hurd & Hackerman. (59)*
Cone. N. l/f.
p. microns
-i ,,-isec volt cm
c
m.v. 02 2e.s.u./cm •
C '
1 X xo-6 6.00 2.75 56.0 47
1 x lo"5 5.00 2.77 44.9 110 65
5 x XO-5 4.48 3.30 47.9 266 75
X x 10"4 4.32 3.62 51.0 394 80
5 x 10-4 4.16 4.06 55.0 990 85
' 1 x 10-3 4.12 3.20 44.0 1050 66
5 x 1CT3 4.00 2.56 36.8 1889
• 1 x 10"2 4.00 2,51 36.0 2638
GRAPH 15.
VARIATION OF ELECTROKINETIC CHARGE WITH C ^ 
AT TbE GOLD/ELECTROLYTE INTERFACE .
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2. DISCUSSION
The determination of the electrokinetic potential at a metal/ 
solution interface has proved somewhat difficult because of the conducting nature 
of the metal, which renders the usual techniques for measuring ^  inapplicable. 
The electrokinetic phenomena resulting from the fluid flow through a capillary 
or a porous bed of particles are referred to as the streaming potential or 
streaming current. Usually the potential is measured by placing electrodes 
at the ends of the capillary and, by means of a potentiometer, just sufficient 
potential is applied to force an equal electrolytic current back through the 
centre of the capillary. Investigations in this field have been restricted 
almost exclusively to the measurement of the streaming potential (which is 
usually of the order of tens of millivolts), because of the extremely low value 
of the streaming current, approximately lCT^ amps. However when the capillary 
is of a conducting nature, measurements of this potential become meaningless 
because the capillary, having a lower electrical resistance than the solution 
in the centre of the capillary, acts as a shunt for the return current.
Kruyt & Oosterman ( 68 ) attempting to make streaming potential 
measurements on platinum capillaries concluded that, in view of the lower 
resistance path through the metal, such attempts were foredoomed to failure. 
Earlier work by Zakrzewski ( 69 ) on silvered glass capillaries also yielded 
similar results. In recent years with the improvement of electronic techniques, 
attempts have been made to measure the streaming current, using an external 
measuring circuit with an electrical resistance so low that the shorting 
resistance of the capillary wall was itself shorted by a known resistance, 
Eversole & Boardman (70 ) used this technique in a study designed primarily
to eliminate the effects of surface conductance. Using a platinum capillary
they were unable to short out the capillary wall entirely, and had to use an
extrapolation method to obtain the true streaming current. Hurd and
Hackerman (68 ) recently designed a more refined circuit which was capable
of measuring currents as low as 10 ^  amps. They have investigated the
electrokinetic potentials of Pt,, Au and Ag capillaries in contact with
distilled water and also as a function of concentration of KC1 and KOH from 
-6 -310 N. to 10 N, These results represent the true potentials at these
interfaces since the effect of surface conductance is excluded by means of the
type of measurement used.
The electrokinetic potential at the Au/KCl and Au/NaOH
interfaces as determined by the micro-electrophoretic technique are compared
with the results of Hurd and Hackerman in Tables 31 & 35 • In the case of the
Au/KCl interface there is quite good agreement between the two sets of results.
Those determined by the streaming current technique are approximately 5 nrv.
-3
higher than those recorded here, At 10 N. the two sets of results coincide,
^  ss 24 mv. It may be mentioned here that only rarely have electrokinetic
measurements for a particular interface, measured by independent techniques,
been in agreement (9) (32) , However in the case of the Au/NaOH interface
the results recorded here are about 20 mv. less than those of Hurd & Hackerman
for the Au/K0H interface, although the shape of the /log curves are
-4similar, a peak occurring at approximately 2.5 x 10 N, It is unlikely that
the different cation in the two systems would be a contributing factor to this
+ +difference, as the adsorption properties of Ha and K ions have been shown to 
be very similar .^g. (l0)(7l)* Correction for surface conduction would improve
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these results somewhat but not appreciably, especially in the case of the 
more concentrated solutions. It may be that the value of the surface 
conductance, calculated theoretically, is lower than that actually existing 
at the interface; this might even account for the small discrepancy in the 
case of KC1 solutions. However the most probable cause is a difference in the 
nature of the surfaces used in the two investigations which might be more 
apparent in alkali solution due to the specific nature of adsorption of the 
OH ion compared with that of the Cl” ion. In fact the metal capillaries used 
in the streaming current experiments were initially washed in dilute nitric 
acid solution, which would have the effect of activating the surface.
The origin of the electrical double layer at a metal/water 
interface has been discussed by Kruyt (72) , who considers that the negative 
surface is due to the presence of some adsorbed oxygen. The electrons of the 
metal-oxygen bond are displaced towards the oxygen which gives rise to a dipole 
layer. However this theory can be criticised on the grounds that most true metal- 
oxide surfaces appear to have slightly acidic properties, being positively 
charged in solution.
The ^  potential at the Au/solution interface, for all the 
dilute suspensions studied here, was negative, indicating a preponderance of 
cations in the diffuse part of the double layer. As the ionic content of the 
suspension was increased the £  potential decreased, the rate of decrease 
depending upon the type of cation present. The general character of the 
charge/concentration curves is the increasing negative charge indicating that 
preferential adsorption of the anion is taking place, except in the case of
LaCl suspensions at ionic concentrations ^  10 N
In both BaC^ and LaCl^  solutions the charges and potentials 
are lower than in the corresponding case of KC1, due to the increased ease 
with which the di~valent and tri-valent cations are taken into the fixed part of
the double layer. By a comparison of the values of CT^ for the highest
electrolyte concentrations studied, the following cation adsorption series may j:
' if
be derived: |!;
+  ++  +  + 4+  ■ I
r  <  3a <  H < La ,
On general grounds, it is to be expected that in such a series of salts
1(common anion) and in the absence of any very specific effects, the cation J
valency would be of prime importance in such an adsorption series. The position i
of the H+ion in the series would appear to be somewhat anomalous. However the
+ usmall size of the H ion compared with the size of the other ions togeth or with the I
j i
lower degree of hydration would help to make the adsorption of this ion more j
specific(43)•
Preferential adsorption of a multi-valent ion into the Stern layer 
is shown to a considerable extent in suspensions containing LaCl^ , for which the 
iso-electric point is reached at concentrations approaching 10 N^, , the surface 
thereafter becoming highly positively charged.Owing to the small value of the j:
electrophoretic mobility for particles in suspensions of HQ1 and LaCl^  at relatively 
high concentrations of electrolyte, the accuracy of the measurements is lower than 
in other cases. However thetj potential is so tow at these concentrations that 
the inaccuracy injx would not lead to an error in ^  of more than a millivolt or 
so.
In alkaline solution (NaOH) a very large negative charge density 
is recorded at a gold surface, indicating strong adsorption of the OBTion; it is 
also evident that adsorption of the 0H~ion is greater than that of the Cl~ion.
164.
The maximum observed in the ^  /log CgCurve (pagel5l) for the Au/foaOH interface 
practically disappears when the charge density is plotted against the logarithm 
of the concentration, which suggests that the presence of such a maximum is not 
caused by the adsorption taking place at this interface. This is not surprising 
when one consider/s the two main factors which contribute to the shape of a
£ /concentration plot, these are (a) the surface charge density and (b) the
bulk ionic concentration which determines the thickness of the double layer. 
Unless the excess charge in the double layer^ denoted by{5^ is very large indeed 00 
will play the major role in determining the shape of the curve. Thus it is 
necessary , when investigating the adsorption processes, to consider the charge / 
consentration relationship rather than the /concentration relationship.
In most cases it is found that the charge density bears a linear 
relationship to the cube root of the concentration and that at zero concentration 
the surface charge is zero or very nearly so. This is illustrated in Graph 15.
The equations governing the adsorption are
NaOH, - <Ja. = 1.09 x 104 C1/3 + 140 e.s.u./cm2.
KC1 , - ^  = 5.9x 103. C1/3 "
BaCl2, - = 4.6 x 103. C1/3. M
Previously Benton & Elton (74) &&& shown mathematically that for a 
non-ionogenic surface where the product of the C  potential and the valence of 
the counter ion was greater than 90 mv. 9 this proportionality was to be 
expected. They calculated the free surface energy (surface pressure) of the 
primary layer , assuming the film to be of the mobile "gaseous type" and 
considered the electrical contribution due to the mutual repulsion of the 
excess charge determining ions. However they assumed that the number of 
counter ions adsorbed into the primary layer was only small in number and
165. i!
i
"paired with ions of opposite signi interaction between the pairs was j;
considered negligable. In the systems studied here , this assumption was no |;
longer valid because the majority of adsorbed ions were shown to be in the 
fixed part of the electrical double layer. Although these systems are
112>different from the above model , it is interesting to note that the CT^  / C 
relationship is still obeyed.
The above results indicate the non-ionogenic nature of the gold j
isurface since the charge density tends to zero as the bulk ionic concentrationj 
approaches infinite dilution, as it would if the surface charge, 0~0> was 
itself zero.
000O000
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P A R T  2.
A STUDY OF ADSORPTION AT THE METAL / SOLUTION INTERFACE USING
THE MICRO-ELECTROPHORETIC TECHNIQUE.
S E C T I O N  5.
ADSORPTION BY COLLOIDAL SILVER SUSPENSIONS.
1.) Results.
2.) Discussion.
1. RESULTS
Electrophoretic velocities were measured over a wide range of
concentration (10 N^. to 10 *TT.) as previously described in Sections II and III.
The average velocity of 40 particles was taken for each suspension except where
the electrophoretic mobility was rather low, in which case method (b), page 141*
was used to determine the mobility. Again the scatter was quite large, but
the average value was reproducible to within 5$.
These velocities are collectively summarized in Table 36.
The electrokinetic potentials, ^ , were calculated from equation 1.2.
allowance being made for surface conductance effects in the case of HC1 and
-4
ICC1 suspensions at concentrations below 10 N. and for the relaxation effect in
-5the case of BaCl and LaCl suspensions at concentrations below 5 x 10 N.
C. J
These values are also collectively summarized in Table 37 as well as graphically 
on pagel70 , The corresponding charge densities- ^  , calculated using
equationll.5 * are summarised in Table 38 and graphically on page 172.
The data for the individual rune in KC1, HC1, BaClg and LaC^ 
suspensions, namely l/f the Henry correction factor, p the electrophoretic 
velocity, ^ the electrokinetic potential and <y g c^ arSe density are 
given in Tables 39* 40, 41 &42 • In Graph 18 the electrokinetic charges 
at the Ag/KCl, Ag/HCl and Ag/BaCl  ^interfaces are plotted against the cube 
root of the concentration.
oooOooo
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T A B L E  3 6.
Electrophoretic Mebilitles of Silver -particles in Various
Electrolyte Solutions.
CONC. N.
1 x HT6 2.60
1 xlO"5 2.70
5 x ID"5 2.66
1 x 10"4 2.59
5 x 10"4 2.16
1 x 10~3 1.95
5 x 10~3 1.71
1 x 10“2 —
Electrophoretic Mobilities yi sec^.volt c^mi
KC1. IC1. BaCl~. LaCl->.
2.20 2.41 1.98
1.85 1.82 0.70
1.50 1.58 0.60
1.32 1.51 0.53
1.00 1.29 0.15
0.89 1.14 0.0
0.50 0.76 +0.32
0.35
-- +0.44
T A. B L E 37.
Electrokinetic Potentials at the Silver/Solution Interface,
C01C. N.
Electrokinetic Potentials nrvs. 
KC1. HC1. Ba01o LaClj
l x  10-6 5H-0
■
58.4 46.0 45. Q
1 x 10-5 45.6 39.5 29.7 11.4
5 x 10"5 41.0 27.1 24.0 11.0
i xlO-4 39.3 18.8 22.6 8.5
•-4.
5 x icr 30.6 14.5 18.0 3.0
1 x 10~3 28.6 12.6 16.5 0.0
5 X  10~3 24.8 7.5 11.0 +4.8
1 x 10 - 5.0 +6.3
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G R A P H  ft.
VARIATION OF ELECTROKINET 1C POTENTIAL WITH LOG C.
10
AT THE SILVER j ELECTROLYTE INTERFACE.
m
O KC! 
© BACI;
O h c T
X LACL
— 40
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20
+  lO I
•5 -4 3
LOG, C. 
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T A B L E  38.
Charge Density at the Silver/Solution Interface«
CGNC, -N.
| Charge Density e.s*u./cm2. 
KOI. HC1. BaClg.
!
LaCly
1 x ltT6 49 50 38 41
1 x 10”5 115 98 ’ 75 31
5 x lCf5 221 138 134 67
1 x lCf4 299 133 179 75
5 x Hf4 507 230 319 63
1 x 1CT3 660 281 417 0
5 x 1(T3 1277 372 634 338
1 x icf2
. ...-.-.-.. J
— 344 — 567
GRAPH 17.
variation of electrokinetic charge with lo g  c,
10
AT THE silver/ elec tr o lyte  INTERFACE
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T A B L E  39.
Electrokinetic data for the Silver/fed interface.
Results recorded by Hurd & Hackerman (59).
Cone, N.
•
l/f.
jji. microns
-1 -<.-1 sec. volt cm. » mv.
651 2
e.s.u./cm. C 'mv.
• 1 x 1CT6 5.33 2.60 57.0 49 74
l  X 10"5 4.35 2.70 45.6 115 56
5 x 10-5 4.16 2.66 41.0 221 43
—Ai x ict4 4.13 2.59 39.3 299 36
-45 x XT* 4.04 2.16 30.6 507 23
1 x 10“3 4.00 1.95 28.6 66 0 18
5 x 10”3 4.00 1.71 24.8 1277
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T A B L E  40.
Electrokinetic Data for the Silver / HC1 interface.
Cone. N. l/f.
u microns
-1 -1 sec. volt cm. C mv. SI 2e.s.u./cm.
-61 x 10 5.33 2.20 58.4 50
1 x 10 ^ 4.35 1.85 39.5 98
5 x ICf5 4.16 1.50 27.1 138
1 x 10"*4 4.13 1.32 18.8 133
5 x 1CT4 4.04 1.00 14.5 230
1 x 10~3 4.00 0.89 12.6 281
5 x 1CT3 4.00 0.50 7.5 372
1 x 10~2 4.00 0.35 5.0 344
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T A B L E  41.
j
j
Electrokinetic Data for the Silver / BaCl  ^interface. j
Cone.N. l/f.
u microns
-1 -1 sec. volt cm.
2^, 2
e.s.u/cm.
—61 x 10 5.07 2.41 46.0 38
1 x 10~5 4.32 1.82 29.7 75
5 x 10“5 4.10 1.58 24.0 134
' 1 x 10”4 4.06 1.51 22.6 179
-45 x 10^ 4.00 1.29 18.0 319
. 1 x 10~3 4.00 1.14 16.5 417
5 x 10~3 4.00 0.76 11.0 634
i
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T A B L E  42.
Electrokinetic Data for the Silver / LaCl.. interface.
Conc.N. 1/f.
u. microns 
-1 n.-1 sec. volt cm. ^  mv. 2e.s.u./cm.
1 x lCf6 4.77 1.98 45.0 41
-5
1 x 10 4.27 0.70 11.4 31
5 x 1(T5 4.08 0.60 11.0 67
-41 x 10 4.00 0.53 8.5 75
-45 x 10^ 4.00 0.15 3.0 63
1 x 10~3 4.00 0.00 0.0 0.0
5 x 10“3 4.00 +0.32 • +4.8 +338
1 x 10“2 4.00 +0.44 +6.3 +567
GRAPH 18.
VARIATION OF ELECTROKINETIC CHARGE WITH C^3
AT THE SILVER/ELECTROLYTE INTERFACE.
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2. DISCUSSION
The electrokinetic potential at the Ag/KCl interface, as
determined by the micro-electrophoretic technique is again compared with the
corresponding results of Hurd & Hackerman. At both high and low concentrations
the two sets of results differ appreciably, but in different directions, because
the slope of the /log.C plot is greater in the case of the streaming current ;
-5results. Thus at 10 N. Hurd & Hackerman recorded a potential of -56 mv. as
compared with -46 mv. as was recorded here. The corresponding values at
-3 -5 -4
10 N. are -18 mv. and -28 mv. In the range 5 x 10 N. to 2.5 x 10 N. the
agreement is quite reasonable (1 2 mv.).
However in the case of the silver capillaries Hurd & Hackerman
i
reported quite large variations in the results recorded from one capillary to ;
another, whereas the potentials measured using gold and platinum capillaries j
were remarkably consistent. In distilled water the variation amounted to
j
t 4 mv, but they did not record the extent of the variation in KOI solutions. j
The largest discrepancy occurs at a concentration of 10~Sf., where the potential 
recorded at the silver capillary interface is about 17 mv. more negative than
the value, corrected for surface conductance, found here. If the charge
densities at these interfaces are calculated and extrapolated to zero 
concentration a^ residual charge of approximately 150 e,s.u./cm. on the metal 
capillary surface is indicated, compared to only a small charge at the colloidal 
silver surface. This indicates a slight difference in the nature of the 
surfaces used in the two experiments.
The results recorded in this investigation are very similar 
to those found for a Au/sol^ion interface, the only difference being a slight >
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quantitative one. The ^ potential for all the dilute suspensions was 
negative again, decreasing as the ionic concentration of the suspension was 
increased, the rate of decrease depending upon the type of cation present in 
the solution. The charge/concentration curves showed, in general, an 
increasing negative charge, indicating preferential adsorption of the .anion, 
except in the case of LaCl^  suspensions, at concentrations ^  10 N,
In both BaCl^  and LaCl^  suspensions the charges and the 
potentials are lower than for the corresponding case of KC1 , indicating that 
at the silver surface also the divalent and trivalent cations are being adsorbed 
with increasing ease, due no doubt to the increasing charge on the ion. Again 
comparing the values of (T^ ‘ft10 highest electrolytic concentration, the
following cation adsorption series can be recognised
_1_ i | x i. i -i.
K < Ba < H < La .
As with the case of gold, the apparently anomalous position of the H+ion can 
probably be explained in terms of its relatively small size and the small extent 
of hydration of the ion, (See page
The behaviour of silver in LaCl solutions is very similar to
3
the behaviour of gold, the surface becoming highly positively charged above the
iso-electric point at 10~^ N. The accuracy of the calculated £ potentials is
also lower than in other cases because of the small electrophoretic mobilities.
The linear variation of the surface charge with the cube root 
of the concentration is illustrated in Graph 18 • The equations governing
the adsorption are:
KCl - <51 6.85 x 103 Cl/3. (e.s.u./cm.2)
BaCl2 - <51 = 4.05 x 103 c1'3. "
180.
ECl - <fi = 2.35 x 103 Cl / 3 ,  + 40 e.s.u./cm2.
These equations indicate that the surface charge , on the 
silver suspensions is zero and that the charge densities determined here, 
are due to ion adsorption only.
oooOooo
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GENERAL DISCUSSION AND CONCLUSIONS
An improved conductimetric technique has been 
used to measure the extent of adsorption from HC1 and KC1 electrolyte solutions 
by silver and gold powders. These results have been combined with electrokinetic 
data to investigate the composition of the separate zones of the electrical double 
layer at the metal/solution interface. The energies involved in the adsorption 
of individual ionic species has also been determined.
The analysis of the conductimetric data was complicated by an initial 
conductivity due to the presence of the metal powder in solution. In the case of 
gold powder it appeared that some ionic entity was being desorbed from the surface 
On further investigation this was shown to be HC1. In the case of silver it was 
concluded that the rise in conductivity was due to the presence of colloidal 
silver with hydrogen gegenions attached. The conductivities measured in the 
adsorption experiments were corrected for this initial conductivity; in both cases 
it was found that the increase was additive to the conductivity of the added 
electrolyte, and was therefore treated as a type of solvent correction.
An attempt has been made to take into consideration the effect of 
a partial coverage of the gold surface with HC1, prior to an adsorption run, on 
the extent of the adsorption of the electrolytes HC1 and KC1. This analysis has 
indicated that using this type of technique in particular, it is essential to 
have some knowledge of the surface state of the adsorbent before adsorption 
parameters can be calculated with any accuracy, especially when the extent of 
adsorption is small, as it was in the case of KC1 electrolyte.
Certain important differences in the nature of the adsorption from 
HC1 and KC1 solutions have been noted with both gold and silver adsorbents. 
Adsorption equilibrium is attained very quickly in KC1 solution (as was the case 
with Silica and Carborundum surfaces where physical adsorption takes place) whilst
in HC1 solution the adsorption process is much slower, depending upon the
equilibrium concentration of electrolyte and upon the state of the adsorbent. In
some instances equilibrium times of three days were recorded. Moreover the extent
of adsorption in the latter case was much larger than in neutral salt solution. In
the case of gold powder the ratio gQp varied from approximately 3 to 5
-5 -3as the equilibrium concentration was increased from 10 N. to 10 ~N. and from 
25 - 180 with silver powder as the adsorbent.
The adsorption of HC1 and KC1 at a gold surface and of KC1 at a 
silver surface was shorn to be approximately a linear function of the logarithm 
of the equilibrium concentration, whereas that of HC1 onto silver appeared to obey 
an exponential relationship, suggesting that multi-layer adsorption was taking
place . Desorption experiments showed that this adsorption of HC1 was irreversible |
i
in character even at low concentrations , whereas that at a gold surface was only 
partly irreversible becoming more so as the equilibrium concentration was 
i-n ^ creased. These facts suggest that a chemisorption process is taking place to 
some extent , at least, in acid solution. Usually species adsorbed in multilayers 
are held by weak physical forces, at least in the gas phasej it may be that with |
silver the surface is first covered with a layer of AgCl and further adsorption 
involves an extension of this lattice. If this is the case it is difficult to 
visualise the position of the H+ion in this double layer. The irreversibility 
of the Ag/HCl adsorption may be related to the insolubility of AgCl , whereas the 
partly reversible Au/HCl process could be explained by the fact that gold chloride 
is slightly soluble • In view of this it would be interesting to investigate the 
adsorption of HNCL, when a AgNCL layer (if formed) should be completely soluble 
and the adsorption process should then be reversible* j
ji
Further work should also be directed towards investigating adsorption
184.
at different temperatures. Since in some instances , the time required to reach 
equilibrium is rather large , an appreciable activation energy may be associated 
with the process , in which case experiments at higher temperatures than 25°C. 
may help to speed up the adsorption process and to further elucidate the processes 
taking place at the interface.
The adsorption energies E^ , defined as the sum of the adsorption 
potential $ and the localisation energy RT In. ft? , have been calculated and 
in all cases except E^ .+ & for the Ag/HCl interface they become more negative
with increasing ionic concentration. It has been shorn that the adsorption energy 
is only a fundamental double layer parameter in certain circumstances 1 e. where 
the adsorption is such that the contribution of O^to N is negligable compared 
with the number of water molecules on the surface. This is illustrated in the case 
of ^ci“(hci) a s^ ver surface > where a difference of 2 K.cals
between the two results is recorded. This is due to the multi-layer nature of the 
adsorption in HC1 solution .
Some indication has been given of the difficulties involved in 
measuring the electrokinetic potential at a metal/solution interface. Results 
obtained here, using a microelectrophoretic technique have been compared with 
similar results obtained by other workers using a streaming current technique. The 
comparison is quite favourable and we consider this to be sufficient evidence to 
show that this technique is suitable for determining electrokinetic potentials 
at metal/solution interfaces.
Combining the information obtained from these two investigations 
(Parts 1 & 2 )}we find that although a negative charge density prevaling at the 
metal/solution interface indicates preferential anion adsorption, both cation 
and anions are being adsorbed into the fixed layer in large proportions, the
185.
contribution to the diffuse layer being only a few percent of that adsorbed into =| 
the whole of the electrical double layer. Only in suspensions containing highly 
charged cations e.g. La+++ of appreciable concentration has a psitively charged (
surface been observed. :
Experiments with a series of chloride salts4with differing 
cationic valency, has shown that the following cation adsorption series is obtained 
at both gold and silver surfaces; j
K+ < Ba++< H+ < La+++ |
In many cases the excess charge density at the metal surface has 
obeyed the relationship
OI = K. c1/3.
where K is a constant and c is the equilibrium concentration, ^ tending to zero as J 
C~>0, i.o. the surface charge , <5^ , is zero indicating the non-ionogenic
nature of these surfaces. i
Finally it may be emphasised that electrokinetic information can I,
only give a qualitative picture of the adsorption taking place at solid surface in ! 
solution ; the complete picture can only be given by combining this data with 
measurements of the total adsorption taking place at the interface.
000O000
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P A R T  3. 
DETERMINATION OP ADSORPTION USING
1). Introduction.
2). Concentration Cells.
3). Experimental Technique,
4)- Measurement of Potential.
5). Electrodes .
6). Results and Discussion.
POTENTIOMETRIC
TECHNIQUE.
187.
1). INTRODUCTION.
As stated previously , the conductimetric technique for 
measuring adsorption of individual ionic species is only suitable if one type 
of anion and one type of cation is involved in the adsorption process . In 
instances where ion exchange occurs together with adsorption at the interface 
(as was the case at the Silica/salt interface)9 or hydrolysis of the electrolyte 
occurs, then interpretation of the conductimetric loss experiments is quite 
often impossible. This technique is also unsuitable when several ionic species ., 
are present together in the solution.
Information concerning the change in activity (and hence of 
concentration ) for a given species may be obtained by measuring the change j 
in potential of an electrode reversible to that species , which is immersed in 
the solution, together with a suitable reference electrode. Using several 
electrodes , each of which is reversible to a different ionic species, in the j
j i
same solution during an adsorption experiment, the changes in activity of the |
3 j
several species can be observed simultaneously. However , since the standard :| 
potential of an electrode in a solution containing ions to which it is rever­
sible , is quite large (several hundred mvs,) whilst the change in potential 
due to any change in the concentration of the ions will only be small,, it is 
necessary to measure the latter only , if the technique is going to .be at all 
sensitive. This can be done by balancing two standard cells against each other, 
using one cell as a reference whilst the other , containing the adsorbent, is y 
made the experimental vessel. Such a cell vrould be a thermodynamic concentrat- 
-ion cell which is essentially a galvanic cell in which the electrical energy . 
is derived from the free energy change accompanying the transfer of a substance| 
from ‘a higher to a lower concentration. When the two solutions at different
concentrations are brought together and the same electrodes ,reversible with 
respect to one of the ions of the electrolyte , is placed in each solution 
, a concentration cell with transference is obtained. Such a cell is,
Ag AgCl HC1 (m^l HC1 (m2) AgCl Ag
the E.M.F. of which is given by the equation,
E = 2t-,_- RT In. a.,/a0.
P '
where ‘tQ-j,”- ^ e transference number of the chloride ion and a^  & a^  are the
mean activities of the two solutions of molarity m^ & nig •
it ti ,
A concentration cell with transference is one in which the solut- 
-ions are connected by means of a common electrode e.g.a Ag/AgCl electrode,
glass HC1 (m1) AgCl— Ag— AgCl HC1 (mg) glass.
The glass electrode is reversible to the H+ion. The Ed.P.of this cell is 
given by, E = 2RT/F In. a^ /a^ .
Proskurnin (75) has used a similar method to investigate the adso-
4.
-rption properties of a silver electrode as a function of Ag ion coneontratior 
Using a silver foil electrode of comparatively large area as the adsorbent, he 
recorded a potential difference of 40mv. ,when the initial concentration was
AgNO^ containig .IN. KNCk, corresponding to an equilibrium concentratior 
of 2.04 x 10"5I. AgftCy
The work to be described in this part of the thesis deals 
with a preliminary investigation into the possible use of this technique to 
several simple systems. Some results are given for the measurement of
I
adsorption in HC1 solution using silver and gold adsorbentst and are compared  ^
with those recorded previously (Part l).
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2). CONCENTRATIOH CELLS.
The concentration cells consisted of two identical limW 
each containing an electrolyte solution together with an electrode unit. These 
limbs, made from Pyrex glass, were about 6” tall and .2jn diameter, and each was 
fitted with a B55«ground glass stopper, Thesestoppers were provided with two 
B.10 openings into which electrodes could be fitted and stock electrolyte 
solution added, together with a central tube through which a glass stirrer 
inside a nylon gland could be placed.
' t
The cell system with transport is shown ih Fig,9 % the two limbs 
were connected by a sloping Pyrex tube fitting B.19 joints on the side of the 
cells and placed at such an angle that it would not become blocked with 
suspended powder. The liquid junction was made across a No.3 sintered disc 
placed across the centre of the connecting tube. Since the apparatus was to be 
placed in an oil thermostat, Teflon precision sleeves were placed between the 
B.19 corns and the socket in order to prevent penetration of the oil into the 
experimental vessel.
The cell system without transport was constructed from two identical 
limbs as above, without the connecting tube. Contact was made directly through 
the Ag/AgCl electrodes in each limb. Because of the large size of the electrode 
unit in this case , it was necessary to equilibrate the powder and solution 
initially and then to replace the stirring unit with the electrode component 
in order to make the potential measurements.
The glass apparatus was supported on a brass frame in an oil 
thermostat at 25°C. i.01°C. Contact between the electrodes and the potentiometer 
was made by means of mercury in the electrode stems, using screened flex leads. 
In order to obtain a steady reading on the potentiometer it was necessary to 
earth these leads as well as the supporting frame and the potentiometer box.
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3). EXPERIMENTAL TECHNIQUE.
1 ‘
The electrolyte solution of approximate concentration :
“5 '2 x 10 N. was prepared from stock solution in a 1 litre, blow over , flask from !
(I j:
which the solution could he transferred to the experimental cell by means of a :| 
pressure of N^ gas. By weighing the flask before and after this procedure, it was]; 
possible to ascertain the amount of solution in the separate limbs of the cell, |
j
Before carrying out adsorption experiments it was necessary to j 
test the reproducibility and response of the electrode system. This was done by |j 
carrying out runs in the absence of the adsorbent, by increasing the concentrat 
-ion of electrolyte in one limb, in stages, meanwhile maintaining a constant 
concentration in the other limb. The potential difference was recorded at | 
each stage and allowance made for the asymmetry potential of the glass electrode!] 
when used. The concentration difference was then decreased in stages until the : 
concentration in the two limbs of the cell was again equal, the potential at ':i
each stage was again recorded. This procedure was repeated until potential
readings had been obtained for an assortment of concentration differentials ;i j
-5 -3 Mover the experimental range to be investigated i.e. 10 IT. to 10 N. The measured; :
potential difference was then plotted against the ratio of the concentration in
the two limbs, when a straight line was obtained . In any subsequent adsorption !
experiment the ionic concentration in the experimental cell could be obtained
from a knowledge of the potential difference generated and the ionic concentrat
'fc j
-ion in the reference cell. Hence in an adsorption run , if the concentration in 
the experimental limb is CQ before and C^, after adsorption has taken place^  then
*  - g( Co- CE>
0f 1000
where o<, N, and $ havethe representation as given earlier.
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4). MEASUREMT OF POTENTIAL,
A Do Co potentiometer was required which, was 
sensitive enough to detect »05mv. The normal D.Co galvanometer circuit could 
not he used because of the high internal resistance of some of the chemical 
cells used and their consequent inability to supply sufficient current to 
cause an off balance deflection. The commercial valve voltmeters were not 
sufficiently accurate since they usually only had a sensitivity of lmv. The
three major requirements of our instrument werej
\ -91) Very low cuprent drain from the cell, less than 10 'amps.
2). Sensitivity better than .05mv.
3). High stability.
An instrument had been previously designed in this laboratory Ij 
with these requirements in mind$ it consisted essentially of a basic ,|lj
valve voltmeter circuit with suitable modifications. The potential to be j
measured was applied between the grid and the cathode of a high impedence ; j
valve, and the corresponding change in anode current was recorded by means of ;'
j
a milli-ammeter. The main advantage of this circuit was the very small current |
:i -
drain from the source of the potential., resulting in the true E.M.F. of the
—8 '
system being developed . Peace (76) showed that a current drain of 3 x 1 <)“ J:
amps could be taken without the true E.M.F. of the system being disturbed. | ■
j'.
The electronic circuitry of this instrument and its calibration have been
i| :
described elsewhere (76) and will not be repeated here.
5). ELECTRODES. :!
I
a). PREPARATION OF THE Ag/AgCL ELECTRODE. |
I !
These electrodes were prepared by a method similar to that used !
M
by Brown (77). Silver was electrolytically deposited on a platinum wire which ] j.
I
was subsequently electrolysed as an anode in dilute hydrochloric acid. This j :
resulted in a layer of silver chloride being formed over the silver.
The silver plating solution was prepared by the slow addition of A.R. ? 
■silver’nitrate to A»R. potassium cyanide dissolved in 4-00 mis. of' conductivity 
water. This'resulted in the precipitation of silver cyanide , which at once 
redissolved . Addition of silver nitrate was continued until a little undiss- 
-olved silver cyanide remained in suspension after 30 minutes stirring, thus 
ensuring that free cyanide was kept to a minimum. The solution , together withd;
:;i
the undissolved silver cyanide, was cooled and made upto two litres with 1 j
conductivity water. 11]
i 'I
j :;j
Plating was carried out simultaneously on six electrodes, using a | 
silver gauze anode and passing a total current of 1.2 milliamps for six hours, j 
After washing overnight in distilled water, they were electrolysed as anodes ; | 
in a decinormal solution of A.R. HC1 for one and a half hours at a current V i .  
of 1.5 milliamps, using a platinum cathode. The acid was removed by washing ! 
the electrodesfor three hours in distilled water $ they were then allowed to 
age for 48 hours in conductivity water before being used , after which time j'
ij
they were found to be quite stable and had only small bias potentials, less ij: 
than .2mv. j
Electrodes prepared in this manner had a life of 2 to 3 months 
before becoming unstable . They were then replated ,first dissolving away the | 
remaining silver chloride in concentrated ammonia solution qnd removing the jI
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silver with nitric acid. Before plating,the complete electrode unit was cleaned
with benzene and sulphuric acid, after which the platinum wire was immersed in i
i
boiling concentrated nitric acid. This gave a clean surface which plated evenlyj; l
Two types of electrode unit were prepared . One consisted of a ! j
platinum wire about two cms. long , sealed into the end of a Pyrex tube. The
other was similar but had 6cms. of platinum wire and «*as attached to a B.10. j
!i 1
cone. |
b)» GLASS ELECTRODES.
The normal type of glass electrodes, as used in i
conjunction with commercial pH. meters , have extremely large internal !
resistances varying from 200 to 5 megohm. As a result their sensitivity is !;
j  ■
usually not more than Imv. To measure the sipall. potentials encountered in this;
investigation , a much more sensitive type of electrode was required. Such |
I!
electrodes were obtainable from the Jena Glassworks in Bavaria. Because of |j
their relatively large bulb (30 rnms. diameter ) and extremely thin glass walls 
they had a very low internal resistance, less than .2 megohm.
They were mounted in large rubber bungs as shown in fig,10 . The gap 
between the stem of the electrode and the rubber bung was packed with cotton |
wool, and the top and bottom parts of the hole were filled with paraffin wax, ;
]
as was the exposed part of the stem. These precautions were taken in order to j 
suppress any electrical leakage along the-stem of the electrodes . Prue & j.
Covington (78) (79) reported that with similar electrodes , whose stem was j  j
j
unwaxed , a change in the liquid level of 1cm. caused the measured E1P. to ' ;
change by .3mv. ,presumably due to electrical leakage along a film of moisture 1 
on the stem*
19*.
The electrode bulb was filled with a solution of HC1, approxim­
ately 10 , which was changed after each run or whenever the asymmetry
potential of the glass electrode became too large . The internal Ag/AgCl 
electrode was held in position by a cork stopper. Each electrode was aged for 
14 days in conductivity water before it w&3 used . When not in use they were 
stored in dilute HC1 solution.
Experiment showed that the asymmetry potential of these electrodes 
varied continuously and it was not sufficient to record this potential at the 
beginning and end of a run and use the average value. This was overcome by 
making two potential measurements with the electrode units reversed in the 
second instance. In this way the sign of the asymmetry potential was reversed
but that of the concentration cell was not. Thus if E = asymmetry potential,
&
Eq = the potential of the concentration cell, E^  & E^ the potentials measured
experimentally in the two cases , then
En = E + E l e g
E0 = E - E 2 c g
then = E1 + Ep
E * —  ----- =-c
000O000
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6. ) RESULTS & DISCUSSION*
The first experiments using concentration cells with 
transference were carried out in neutral salt solution i.e. KC1 , when ‘blank* 
runs using both glass and Ag/AgCl electrodes were found to be reproducible. 
Unfortunately it was not practicable to perform adsorption runs using the cell
with transport (see pagel90). When the adsorbent was suspended in solution |
\
there was an increase in bulk density in that limb,as a result of which the 
solution flowed through the porous disc from the experimental limb into the |
I.
reference limb. For further work in this direction it would be necessary to
redesign a cell which incorporated a tap between the two limbs. Utilising ;
this,the two limbs need only be in contact when a measurement of the potential'.
was being made and the adsorbent powder had settled at the bottom of the cell. ji
Further investigations had to be confined to using the
concentration cell without transport, in which the two limbs were not in ■
direct contact. In this case , electrodes reversible to both the cation and
the anion of the electrolyte under investigation had to be used . Thus it was
not possible to investigate adsorption in KC1 solution because of the lack of
an electrode reversible to the K ion . Experiments were carried out using HC1 ,
— +as adsorbate, since electrodes reversible to the Cl and H ions were available 
and reproducible § also the results could be compared with those obtained using 
the conductimetric technique. Examples of two such adsorption experiments,
(two runs in each case ) are represented in Graphs 19 & 20 where both c< and 
log ©<. are plotted against the logarithm of the equilibrium concentration.
Great difficulty was experienced in obtaining reproducible 
results, especially so with silver powder as the adsorbent. In both cases
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I
with gold and silver , the scatter in the experimental points is much larger 'j 
at higher concentrations of HC1> 10 At these concentrations the percentage : 
change in concentration due to adsorption was much less than at the lower 
concentrations and hence the subsequent potential of the concentration cell 
was less. The measurement of the potential itself was quite accurate , usually i
I
of the order of . 03mv. 9 and any error in the reading is no doubt due to the I 
evaluation of the asymmetry potential of the glass electrode . As already descri 
-bed it was necessary to account for the continually changing value of this
potential which was normally of the order of 2 to 8 mv., and in some instances 
was larger than the potential of the concentration celi itself. Due to the 
manner in which this correction had to be made,the average asymmetry potential 
of the electrode system over a period of approximately 20 minutes was obtained,v 
and it was possible that this potential would be slightly different from that 
which the electrode had at the moment when the potential of the cell , E^  & E^ , : 
was determined. This would probably account for the larger scatter at higher 
concentrations. This could be overcome , to some extent at least , by using 
larger ratios of adsorbent area to volume of adsorbate,when the potential 
difference due to adsorption would be larger.
Comparing the results represented graphically with those recorded 
using the conductimetric technique ( broken line ), we find a reasonable 
comparison up to concentrations approaching 10 in the case of the Ag/HCl 
interface and up to 3.5 x lO-^. at the Au/HCl interface. For the Ag/HCl 
system a similar type of curve is obtained in both instances but the 
exponential increase begins at a lower concentration in the case of the 
conductimetric experiments, with the result that at concentrations >10
j ex. >q and approaches 2 as the concentration
conductimetric ' potentiometric
increases.
Although the results determined by these two methods are in better 
agreement for the Au/HCl interface, the C< /log.relationship appears to be 
somewhat different . Conductimetrically a linear relationship is observed but 
as determined potentiometrically c<. varies in an exponential manner with 
log.CL , so that in this case values of OCat concentrations'-'10"" ^£T. are
Ji>
25 -50$ greater than the previous values.
At the present moment it is very difficult to explain this 
discrepency and although we have shown that it is possible in principle to 
determine adsorption isotherms using this technique, further experimental work 
is required before it will be possible to investigate adsorption in mixed 
electrolyte solutions.
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APPENDIX I
DEPTH OF STATIONARY LEVEL INSIDE A CYLINDRICAL-BORE ELECTROPHORESIS
CELL.
The velocity distribution of a liquid in a cylindrical tube
is of the type
VL = C (R2 - o)  ............................. (1)
where VT = the velocity of the liquid at distance R from the axis of the
tube and C and c are constants.
Since electro-osmosis in a closed tube of internal radius a
causes no^  resultant flow transport of material, we have on integrating 
a
VT (2 R)dR = 0 .............................  (2)L
i.e. \  RdR =s 0   (3)
Substituting and integrating we have
/ 4 2 ,
0 ( f  - ° h )  m 0
• 2 /
. . c ss a /2 and inserting in (l)
V. = C (R2 - a2/2) 
1/
y/T.thus » 0 for R = a//2 = 0,707a.
and stationary levels are thus in positions ,293 x the radius from the base 
and the top of the cell.
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APPENDIX 2.
(a). Constants Used in Calculations.
e Electronic charge 4.802 x 10” e.s.Uo
P The Faraday 9.6488 x 1014 coulombs.
k Boltzmann's Constant 1.38 x 10 ^  erg. degT^
N Avegadro Number 6.03 x 1023
R Gas Constant I.985 cal.deg. m^ole.^
T Absolute Temperature 25°C. 298.1°A.
71 3.142
Conversion factorss (a) potential(E„S0U. units) into 300
practical unitSo
11(b) re si stance (ohms) to E.S.U. units 9«0 x 10 ,
(
(b). Variation of the Viscosity and Dielectric Constant of Wator with Temperaturei
Tenperature °C. Viscosity
centipoises
Dielectric
Constant.
16 1.1111 81.86
17 1.0828 81,50
18 1.0559 81.10
19 1.0299 8O.75
20 1.0050 80.36
21 .9810 80.01
22 .9575 79.64
23 .9358 79.28
24 .9142 78.90
25 .8937 78.54
(c).
C . ' - ' t f  ♦
Appendix 2 (cont.)
Values of Henry's correction term f^ (Ka),and proportionality factor l/i 
for various values of Ka „(Rof„ 49).
Ka fx (Ka). 1/f.
0.01 1.000 6.000
0.1 1.0005 5.997
00.3 * 1.004 5.976
1.0 1.027 5.843
3.0 1.101 • 5.450
5.0 1.160 5.172
10.0 1.239 4.842
20.0 1.340 4.478
50.0 1.424 4.213
100.0 1.458 4.115
1000.0 1.459 4.013
Using these values of l/f, it was possible to reduce Henry's general
electrophoretic equation , 1.2 (page 111), to the simplified form
D ^  EV =   the symbols having the same representation
i/f.Tl'Y^
as before, (page 109)°
(d). Values of the functions f^Ka), fg(Ka) and f^(Ka) , used in the 
electrophoresis equation I.3» were taken from the tables compiled by 
Overbeek (49)*
(e). The ionic frictional coefficients j) used in equation 1.3
were calculated from the expression
f 1
300 x
where = ionic conductance
1 =» FiZ.le1' ........... ..Ref. 80.
F = the Faraday and e is the electronic
charge•
(f). All ionic and equivalent conductivity data ,used in the thesis was 
obtained from "Electrochemical Data" Conway (81)•
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